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emission spectra represent fluorescence emitted by MPE, Pchlide 
and Chlide respectively. ( ) = control; (-*-—) = treated.. .191 
Figure 31. Chemical structure of pyridyl analogs 202 
Figure 32. Electrostatic potential maps of pyridyl analogs 
showing the distribution of negative (blue) and positive (red) 
electrostatic isopotential contours at an energy level of 10 K 
cal/mole. The electrostatic isopotential contour lines were 
calculated by the interaction of the atoms in each molecule with 
a positive unit charge probe. Each structure was optimized via 
MOPAC before calculating its molecular electrostatic potentials. 
a = benzene; b = pyridine; c = pyridyl aldehyde; d = pyridyl 
aldoxime; e = picolinic acid 204 
Figure 33. Fluorescence emission (A) and excitation (B) spectra 
in organic solvent at room temperature of control and 
ALA+dipyridyl aldehyde treated johnsongrass seedlings. The 
emission spectra were elicited by excitation at 420 nm. The 
excitation spectra were recorded at emission wavelength of 674 
nm. Peaks at 414 and 432 nm in the excitation spectra represent 
fluorescence excitation peaks of pheophorbide a and Chlide a 
respectively. Peaks at 591, 637, 640 and 674 nm in emission 
spectra represent fluorescence emitted by MPE, Proto, Pchlide and 
Chlide a respectively. ( ) = control; (-—-*-) = treated 214 
Figure 34. Fluorescence emission (A) and excitation (B) spectra 
in ether at 77°K of control and ALA + pyridyl aldehyde treated 
johnsongrass plants. The emission spectra were elicited by 
excitation at 420 nm. The excitation spectra were recorded at 
emission wavelength of 625 nm. Peaks at 589, 625 and 674 on 
emission spectra represent fluorescence emitted by MPE, Pchlide 
and Chlide respectively. ( ) = control; (-——) = treated.. .215 
Figure 35. Fluorescence emission (A) and excitation (B) spectra 
in organic solvent at room temperature of control and ALA + 
pyridyl aldoxime treated johnsongrass seedlings. The emission 
spectra were elicited by excitation at 420 nm. The excitation 
spectra were recorded at emission wavelength of 674 nm. Peaks at 
414 and 432 nm in the excitation spectra represent fluorescence 
excitation peaks of pheophorbide a and Chlide a respectively. 
Peaks at 591, 637, 640 and 674 nm in emission spectra represent 
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fluorescence emitted by MPE, Proto, Pchlide and Chlide a 
respectively. ( ) = control; (—*—) = treated 223 
Figure 36. Fluorescence emission (A) and excitation (B) spectra 
in ether at 77°K of control and ALA + pyridyl aldoxime treated 
johnsongrass plants. The emission spectra were elicited by 
excitation at 420 nm. The excitation spectra were recorded at 
emission wavelength of 625 nm. Peaks at 589, 625 and 674 on 
emission spectra represent fluorescence emitted by MPE, Pchlide 
and Chlide respectively. ( ) = control; ( —--) = treated...224 
Figure 37. Fluorescence emission (A) and excitation (B) spectra 
in organic solvent at room temperature of control and 
ALA+picolinic acid treated johnsongrass seedlings. The emission 
spectra were elicited by excitation at 400 nm. The excitation 
spectra were recorded at emission wavelength of 674 nm. Peaks at 
414 and 432 nm in the excitation spectra represent fluorescence 
excitation peaks of pheophorbide a and Chlide a respectively. 
Peaks at 591, 637, 640 and 674 nm in emission spectra represent 
fluorescence emitted by MPE, Proto, Pchlide and Chlide a 
respectively. ( ) = control; ( —•—) = treated 233 
Figure 38. Fluorescence emission (A) and excitation (B) spectra 
in ether at 77°K of control and ALA+picolinic acid treated 
johnsongrass plants. The emission spectra were elicited by 
excitation at 420 nm. The excitation spectra were recorded at 
emission wavelength of 625 nm. Peaks at 589, 625 and 674 on 
emission spectra represent fluorescence emitted by MPE, Pchlide 
and Chlide respectively. ( ) = control; (-*-•—) = treated.. .234 
Figure 39. Fluorescence emission spectra of cucumber 
chloroplasts, incubated +/- protoporphyrin IX for 0/2 hours, 
monitored in glycerol, at 77°K. The excitation wavelength was 400 
nm. ( ) = -tetrapyrrole, Oh; (-*-**-) = -tetrapyrrole, 2h; 
(—~) = +tetrapyrrole, Oh; (-**-*-) = +tetrapyrrole, 2h 258 
Figure 40. Fluorescence emission spectra of cucumber 
chloroplasts, incubated +/- DV-Mg-Proto for 0/2 hours, monitored 
in glycerol,at 77°K. The excitation wavelength was 400 nm. ( ) 
= -tetrapyrrole, Oh; (-***-) = -tetrapyrrole, 2h; (-—--) = + 
tetrapyrrole. Oh; (-*-*-) = + tetrapyrrole, 2h 261 
Figure 41. Fluorescence emission spectra of cucumber 
chloroplasts, incubated +/- DV-Mg-Proto monoester (MPE) for 0/2 
hours, monitored in glycerol, at 77°K. The excitation wavelength 
was 400 nm. { ) = -tetrapyrrole, Oh; (-*•*•*-) = -tetrapyrrole, 
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2h; (-*-—) = +tetrapyrrole, Oh; (-*•**-) = +tetrapyrrole, 2h 264 
Figure 42. Fluorescence emission spectra of cucumber 
chloroplasts, incubated +/- DV-Pchlide for 0/2 hours, monitored 
in glycerol, at 77°K. The excitation wavelength was 400 nm. ( 
) = - tetrapyrrole, Oh; (-***-) = -tetrapyrrole, 2h; (-—-) = + 
tetrapyrrole, Oh; (-#-*-) = +tetrapyrrole, 2h 266 
Figure 43. Fluorescence emission spectra of cucumber 
chloroplasts, incubated +/- MV-Pchlide for 0/2 hours, monitored 
in glycerol, at 77°K. The excitation wavelength was 400 nm. 
( ) = - tetrapyrrole, Oh; (-**-*-) = -tetrapyrrole, 2h;(—•—) = 
+tetrapyrrole, Oh; (-*--*-) = +tetrapyrrole, 2h 269 
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INTRODUCTION 
This Ph.D thesis consists of four sections:(a) structure-
activity study of the herbicidal photodynamic effects of 1,10-
phenanthroline and other phenanthroline analogs on johnsongrass 
(Sorghum halepense), (b) structure-activity study of the 
herbicidal photodynamic effects of 2,2'-dipyridyl and other 
dipyridyl analogs on johnsongrass, (c) structure-activity study 
of the herbicidal photodynamic effects of some of pyridine 
analogs on johnsongrass, and (d) in vitro study of the effect of 
various tetrapyrroles on photodestruction of cucumber (Cucumis 
sativus) cotyledon chloroplasts. 
The control of weeds by herbicides is an important modern 
agricultural practice. Likewise, the design of useful herbicides 
is an important research activity that requires a considerable 
investment of time, effort and resources. A novel approach for 
the design of useful herbicides was reported by Rebeiz et al., 
(1984). These herbicides were named "tetrapyrrole-dependent 
photodynamic herbicides (TDPH) and were defined as compounds 
which force green plants to accumulate undesirable amounts of 
metabolic intermediates of the chlorophyll and heme metabolic 
pathways, namely tetrapyrroles. In the light, the accumulated 
tetrapyrroles photosensitize the formation of singlet oxygen 
which kills the treated plants by oxidation of their cellular 
membranes. Tetrapyrrole-dependent photodynamic herbicides usually 
consist of a 5-carbon amino acid, -aminolevulenic acid (ALA), 
2 
the precursor of all tetrapyrroles in plant and animal cells, and 
one of several chemicals referred to as modulators (Rebeiz, 
1990). 
During the past several years the response of corn, soybean, 
cucumber and some weeds to a number of photodynamic herbicide 
modulators has been investigated in our laboratory. Originally, 
photodynamic herbicides were assumed to be nonselective in their 
mode of action. However, further experimentation under controlled 
Laboratory conditions indicated that various ALA + modulator 
combinations exhibited herbicidal selectivity. This selectivity 
appeared to be based on: (a) different tetrapyrrole-accumulating 
capacities of various plant tissues; (b) uneven distribution of 
various Chi biosynthetic routes among the three normal greening 
groups of plants; and (c) the discovery that different modulators 
exerted their strongest effects when they forced a particular 
plant species to accumulate tetrapyrroles that did not belong to 
the natural Chi biosynthetic routes of that plant species 
(Rebeiz, et al.,1987, Rebeiz, et al.,1988b). 
In vivo results of the effect of various photodynamic 
herbicide modulators on several plant species raised two issues: 
(1) the intracellular site of photodynamic damage and (2) the 
efficiency of various tetrapyrroles in causing photodynamic 
damage. In his thesis, Ahmad Montazer-Zouhoor (1988) investigated 
the ultrastructural phenomenology of photodynamic damage in 
soybean leaves. He studied ultrastructural changes as a function 
of time after exposure of sprayed tissue to light. He found that 
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changes caused by ALA-based treatments consisted of : tonoplast 
rupture and separation of the plasma membrane from the cell wall, 
this in turn led to increased membrane permeability and severe 
plasmolysis, rupture of the chloroplast membrane and ultimately 
chloroplast breakdown. Montazer also investigated the effect of 
13 photodynamic modulators, on cucumber, a dark divinyl/light 
divinyl plant species and on corn and soybean two dark 
monovinyl/light divinyl plant species. 
In this thesis, the effect of the same 13 modulators on 
Johnsongrass, a dark monovinyl/light monovinyl, plant species is 
investigated. Furthermore a quantitative structure-function study 
of these modulators on photodynamic damage in johnsongrass has 
been undertaken. Finally the effectiveness of various MV and DV 
tetrapyrroles in causing chloroplast destruction in vitro is 
probed. 
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CHAPTER ONE 
LITERATURE REVIEW 
Hardly a day goes by without the importance of 
photosynthesis being brought to our attention. Food and fuels 
(biomass) are derived from the process of photosynthesis. 
Increasingly the products of photosynthesis are being sought as a 
source of food, fuel, fiber and chemicals. Thus an understanding 
of the fundamental and applied aspects of photosynthesis has 
become essential to a wide range of scientists and technologists. 
The term photosynthesis literally means building up or 
assembly by light. It is the process by which plants synthesize 
organic compounds from inorganic raw materials by using sunlight. 
All forms of life in this universe require energy for growth and 
maintenance. Algae, higher plants and certain types of bacteria 
capture this energy directly by converting solar energy into 
chemical energy. Animals cannot use sunlight directly as a source 
of energy; they derive their energy requirement by consuming 
plants or by consuming other animals which have eaten plants. 
Thus the ultimate source of all metabolic energy in our planet is 
the sun, and photosynthesis is essential for maintaining all 
forms the life on earth (Hall and Rao, 1986). 
A.Chloroplasts, The Photosynthesis Apparatus: 
In eukaryotes, photosynthesis takes place in organelles 
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called chloroplasts. Photosynthesis may be studied using a range 
of isolated preparations, ranging from complex systems like 
protoplasts to simpler chloroplast membranes. When the cellulose 
cell wall of higher plant cells is digested with appropriate 
enzymes, protoplasts are formed. Protoplasts are bounded by the 
cell membrane (the plasmalemma), and are frequently found to be 
an excellent way of preparing intact chloroplasts, via lysis of 
the cell membrane (Hipkins and Baker, 1986). 
In higher plants, chloroplasts are found mainly in the 
palisade and spongy mesophyll cells of the leaf. They are also 
present in the guard cells of the leaf epidermis. The other 
epidermal cells, in many species, have only a few small 
chloroplasts, the exception being shade plants, like Helxine 
soleroli, whose epidermal cells are packed with large 
chloroplasts. Chloroplasts are also found in the cells of all 
green tissues. They are absent from the shoot meristematic cells 
and from root cells. Chloroplasts, contain chlorophyll, the green 
pigment of plants. They are however, not always green; in brown 
and red algae the green color is masked by other pigments. 
The number of chloroplasts varies with cell type and plant 
species but generally increases with cell size. In the palisade 
and mesophyll cells of a spinach leaf there are typically 300-
400 and 200-300 chloroplasts per cell respectively. They are 
usually found around the periphery of the cell close to the 
plasmalemma ( Goodwin and Mercer, 1988). 
Electron micrographs of higher plant chloroplasts show that 
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the chloroplasts are saucer-shaped bodies 4 to 10 micrometers in 
diameter and one micrometer in thickness with an outer membrane 
or envelope separating it from the rest of the cytoplasm (Hall 
and Rao, 1986). 
Internally the chloroplast is comprised of a system of 
lamellae or flattened thylakoids which are formed by inner 
membranes arranged in stacks in dense green regions, known as 
"grana" (Park and Pheifhofer, 1968). The membranes of this 
complex internal chloroplast structure contain the photosynthetic 
pigments and generate the NADPH and the ATP needed to drive 
carbon dioxide fixation by the Calvin cycle in the stroma 
(Halbiwell, 1984). Weier and Brown (1970) thoroughly investigated 
the precursor of the chloroplast in etiolated tissues namely the 
"prolamellar" bodies. In the light the prolamellar bodies are 
assembled into grana. Rebeiz and Rebeiz (1986) demonstrated that 
prolamellar body formation is an integral part of the chloroplast 
differentiation process under natural photoperiodic growth 
conditions. The grana are embedded in a colorless matrix called 
the "stroma" and the whole chloroplast is surrounded by a 
bounding double membrane, the "chloroplast envelope". Within the 
chloroplast the grana are interconnected by a system of loosely 
arranged membranes called "stroma lamellae". The lamellar 
structure is found not only in chloroplasts of higher plants but 
also in algal chloroplasts (Hall and Rao, 1986). 
It is possible to fractionate the chloroplasts of higher 
plants so that the green lamellae are separated from the 
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colorless stroma matrix. The lamellar membranes in which the 
chlorophyll is embedded are approximately half lipid and half 
protein. The proteins catalyze enzymatic reactions and give 
mechanical strength to the membranes. Most of the light 
harvesting chlorophylls a\b are conjugated with specific membrane 
proteins. The presence of lipids in the membranes facilitates 
energy storage and offers selective permeability of sugars, 
salts, substrates, etc. Chloroplast lipids play an important role 
in maintaining membrane structure and function. One of the causes 
for the thermal and photodecay of chloroplasts is the release of 
lipids from the membranes and their oxidation (Hall and Rao, 
1986). Glycolipids are the major lipids in chloroplasts and they 
are predominantly esterified with linoleic acid (Kate, 1970). 
Rosenberg (1967) suggested that the linoleoyl chain of the 
glycolipids interlock with phytol groups of the chlorophyll 
molecules and thus stabilizes the thylakoid membrane. 
Dispersed in the stroma of the chloroplast are other structures. 
Plastoglobuli are small droplets, (50-220nm in diameter), rich in 
lipid particularly plastoquinone, and without a bounding 
membrane. They occur close to the thylakoid membranes. They are 
particularly numerous in plastids where thylakoid membranes have 
broken down as in a senescing chloroplast. This in turn suggests 
that they are formed from some of the lipids which are liberated 
when thylakoids break down. Starch grains are usually present in 
the stroma lying close to the thylakoid membranes. They disappear 
if the plant is kept in darkness for about 12-24 hr, but reappear 
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after a few hours in the light. They are usually ovoid and up to 
1.5 micron in length. Mesophyll cells contain 1-5 starch grains 
per chloroplast but much larger numbers are often present in the 
bundle sheath chloroplasts (Goodwin and Mercer, 1988). 
Ribosomes occur free in the stroma of chloroplasts and bind 
to the outer surface of the thylakoid membranes. They are smaller 
than the ribosomes in the cytosol of the cell, having 
sedimentation constants of about 70S. Chloroplast ribosomes 
contain four RNA molecules. Protein constitutes about 46% of the 
chloroplast ribosomes. It is made up of about 75 different 
protein species. Higher plants and algal chloroplasts contain 20-
50 identical chromosomes which are located within specific 
regions of the stroma known as "nucleoids", the number and size 
of which increase with chloroplast size. Each chromosome contains 
a histone-free, circular DNA molecule. Relatively few 
chloroplastidic proteins have so far been shown to be coded by 
chloroplastidic DNA. The chromosome of higher plant chloroplast 
contains two genes each for the four types of chloroplast 
ribosomal RNA. It also contains genes, probably one of each, for 
the tRNA of the various naturally occurring amino acids. 
Chloroplasts also contain a DNA polymerase and the plastidic DNA 
is replicated in a semiconservative manner within the chloroplast 
itself. They possess all the machinery needed for protein 
synthesis; however, many chloroplastidic proteins are coded by 
nuclear genes, synthesized by cytoplasmic ribosomes and then 
imported into the chloroplasts. The formation of chlorophyll from 
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5-aminolavulenic acid takes place in the chloroplast as does the 
formation of chloroplastic heme of phycobilins (in certain algae) 
and of cartenoids. Fatty acids such as palmitic, oleic and 
linoleic acid and galactolipids are formed from acetyl-CoA and 
C02 in the chloroplasts (Goodwin and Mercer, 1988). 
B.Photosynthetic Pigments: 
All photosynthetic organisms contain one or more pigments 
capable of absorbing visible radiation of photosynthesis which 
initiates the photochemical reactions. The pigments can be 
extracted from most leaves by ethyl alcohol or by other organic 
solvents such as acetone. From the alcoholic extract, individual 
pigments can be separated by chromatography on a column of 
powdered sugar, as was shown by the Russian botanist Tswett in 
1906. 
The plant pigments involved in the light phase of 
photosynthesis fall into three well-defined classes: the 
chlorophylls, the cartenoids and the phycobilins. All three 
classes occur in the photosynthetic pigment system as 
chromoproteins, that is, as pigment-protein complexes. In the 
case of chlorophylls and cartenoids the pigment-protein linkage 
is relatively weak, and consists of non-covalent bonds. These 
bonds are easily broken; hence the chlorophylls and carotenoids 
can be extracted simply by macerating plant tissue with an 
organic solvent such as acetone or ethyl alcohol. However, the 
linkage between phycobilins and protein is covalent ; thus 
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phycobilins occur in the photosynthetic tissue as distinct 
molecular species called "phycobiliproteins". The chlorophylls 
and cartenoids are insoluble in water but phycobilins are soluble 
in water and are readily extracted with water or dilute salt 
solutions from macerated tissue. The cleavage of the phycobilin-
protein linkage requires vigorous hydrolysis conditions (Hall and 
Rao, 1986). 
1. Carotenoids 
Carotenoids are yellow or orange pigments found in all 
photosynthesizing cells. Their color in the leaves is normally 
masked by chlorophyll, but when chlorophyll breaks down the 
yellow pigments become visible. Carotenoids contain a polyene 
conjugated double bond system. They are either C-40 isoprenoid 
hydrocarbons (carotenes) or oxygenated hydrocarbons (carotenols 
or xanthophylls). They have triple-banded absorption spectra in 
the region between 400 and 550 nm (Hall and Rao, 1986). However 
the absorption maxima of carotenoids are not the same in vivo as 
they are in-situ (Goodwin and Mercer, 1988). Carotenoids are 
localized in the chloroplast lamellae in close proximity to 
chlorophyll. Energy absorbed by carotenoids may be transferred to 
chlorophyll a for photosynthesis (Hall and Rao, 1986). In 
addition cartenoids may protect chlorophyll from photooxidation 
in high light, which leads in turn to the formation of singlet 
oxygen. Singlet oxygen causes photodynamic damage by oxidizing 
susceptible substrates. Cartenoids are able to prevent 
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photodynamic damage within the photosynthetic apparatus in three 
different ways: (a) They can quench (by about 90%) the first 
excited triplet state of chlorophyll to yield a ground-state 
chlorophyll singlet and a first excited-state carotenoid triplet. 
The latter then subsides to the ground-state singlet by 
intersystem crossing to the singlet state and internal 
conversion; the energy of excitation is lost as heat. In this 
quenching mechanism the carotenoid competes with oxygen for 
excited chlorophyll, (b) In the second mechanism carotenoids 
quench (by 99.99%) singlet oxygen directly. Singlet carotenoid 
reacts with singlet oxygen to yield ground-state triplet oxygen 
and excited-triplet carotenoid. The latter then subsides to the 
ground-state as described above, (c) In the third mechanism 
cartenoids act as a preferred substrate for oxidation by singlet 
oxygen that may have escaped mechanism 1 and 2. This method is 
probably of minor importance because it has been shown that only 
one in every thousand carotenoid molecules involved in quenching 
gets oxidized. Quantitatively mechanism 2 is probably the most 
important means of protection against photodynamic damage. Only 
cartenoids with nine or more conjugated double bonds are capable 
of participating in this mechanism because only in such molecules 
is the triplet energy level near or below that of singlet oxygen. 
The importance of carotenoids in protecting plants against 
photodynamic damage is clearly shown by the fact that any 
mutation that markedly lowers the level of cartenoids or their 
number of conjugated double bonds is lethal. Such mutants can 
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only be grown heterotrophically in the dark. As soon as they are 
exposed to light in the presence of oxygen they are 
photodestroyed. At one time it was thought that such mutants 
could survive in the presence of light in an atmosphere devoid of 
oxygen. But this proved not to be the case as higher plant and 
algal photosynthesis form oxygen from water (Goodwin and Mercer, 
1988). 
2. Phycobilins 
Blue-green algae and red marine algae contain a group of 
pigments known as phycobilins. Phycobilins are linear 
tetrapyrroles structurally related to chlorophyll a but they do 
not have the phytyl side chain, nor do they contain magnesium. 
These pigments occur in vivo as phycoproteins. The chromophores 
of phycobilins are covalently liked to polypeptides to form 
water-soluble phycobiliproteins (Hall and Rao, 1986). In algal 
cells the phycobiliproteins are aggregated in special granules 
called "phycobilisomes" which occur in regular arrays on the 
surface of thylakoid membranes (Goodwin and Mercer, 1988). 
There are three classes of phycobilins; phycoerythrins, 
phycocyanins and allophycocyanins. The red phycoerythrins found 
in all red algae absorb light in the middle of the visible 
spectrum. This enables the red algae living under the sea to 
perform photosynthesis in the dim bluish-green light reaching the 
lower surface of the ocean. The deeper under the sea a red algae 
lives, the more phycoerythrin it contains in relation to 
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chlorophyll. The blue phycocyanins and allophycocyanins occur in 
the blue-green algae which live in lakes near the surface or on 
land. The energy absorbed by the phycobilins (accessory pigments) 
is transferred to chlorophyll for photochemical usage. Using 
picosecond spectroscopy it has been shown that energy transfer in 
the red algae, Porphyridium cruentum, occurs in the sequence: 
Phycoerythrin ^ phcocyanine ^ allophycocyanin Chi 
Thus during the course of evolution, higher plants and algae, 
have developed different pigments to capture efficiently 
available solar radiation and to carry out photosynthesis. The 
relative abundance of these pigments depends upon the species, 
the location of the plant, the season, etc. (Hall and Rao, 1986). 
3. Chlorophylls 
chlorophylls are the pigments that give plants their 
characteristic green color. The name "chlorophyll" was initially 
given by Pelletier and Caventou in 1818, to those green pigments 
of higher plants involved in photosynthesis. Berzelius in 1838, 
was first to observe the retention of color in a leaf extract 
despite the action of strong alkali and acid. The conversion of 
chlorophyll to red pigments prompted Verdeil, in 1844, to suggest 
a relationship between chlorophyll and heme. In 1854, Stokes 
suggested, as a result of his spectroscopic observations, that 
chlorophyll consisted of two components, both green and both 
exhibiting a red fluorescence. At the same time, he pioneered the 
technique of nonhydrolytic partitioning of chlorophyll between 
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immiscible solvents. In 1873, Sorby extended this procedure and 
so for the first time, noted the blue color of chlorophyll a. In 
1870, Timiryazev postulated a structural relationship between the 
red pigment of blood and the green pigments of leaves. In the 
years between 1879-1881 Hoppe-Seyler, following acidic 
degradation of chlorophyll, produced a red pigment that bore a 
strong spectroscopic resemblance to hematoporphyrin, which 
confirmed the earlier hypothesis of a homology between 
chlorophyll and heme. Crystaline chlorophyll, namely ethyl 
chlorophyllide was isolated by Borodin in 1882 following 
treatment of green leaves with ethanol. Its spectroscopic 
properties was determined by Monteverde in 1893. In 1901 Nencki 
and co-workers degraded porphyrins reductively and isolated 
"homopyrrole" from both chlorophyll and hemin. 
The modern era of chlorophyll chemistry was pioneered by 
Willstatter and colleagues in 1913. He was first to derive the 
correct empirical formulas for chlorophyll, and to show that it 
was a magnesium complex. The same year Kuster proposed a correct 
formula for the ring system of porphyrins in which four pyrrol 
rings were linked together into a macrocycle by four methane 
bridges. Willstatter also discovered the enzyme chlorophyllase 
and used it for the esterification of chlorophyllide. In 1937 and 
1940 Fischer and co-workers described the structure of the 
porphyrin ring, both deductively and by synthesis. They also 
described the chemical structure of the Chi degradation products 
which Willstatter had prepared earlier. 
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A number of chlorophylls have since been described namely: 
chlorophyll a,b,c and d, bacteriochlorophylls a and b, chlorobium 
Chls 660 and 650, their immediate precursors and degradation 
products, e.g., the protochlorophylls, pheophytins and 
pheophorbides (Vernon and Seely, 1966). 
3-1. Chlorophyll a Biosynthesis in Green Plants 
Work on the chemical structures of chlorophyll a and b was 
pioneered in Hans Fischer's laboratory. Fischer outlined a 
number of partial synthesis sequences based on conversions 
discovered in the course of his structural work (Vernon and 
Seely, 1966). 
On the basis of the chemical structure of Chi a which was 
elucidated by Fischer and coworkers, and on the basis of a series 
of Chlorella mutants that accumulated putative intermediates of 
Chi biosynthesis, Granick in 1950 proposed a single chain 
chlorophyll a biosynthetic pathway (Granick, 1950a): 
glycine + acetic acid (ALA) DV-protoporphyrin IX 
DV-Mg-Protoporphyrin MV-Mg-vinyl pheophyrin a5 (MV-
protochlorophyllide) MV-Mg-vinyl pheophyrin a5 phytyl 
ester (Pchlide phytyl ester) Chi a 
In 1953 Shemin and Russel showed that in animal systems 
5-aminolevulenic acid (ALA) was a precursor of protoporphyrin IX. 
3-1-1 ALA Biosynthesis: 
In 1956 Shemin suggested a pathway for ALA biosynthesis. 
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This pathway involved the condensation of succinyl-CoA, arising 
from the oxidative decarboxylation of 2-oxoglutarate, with 
glycine to form ALA. In this pathway the C-5 atom of ALA is 
derived from the C-2 of glycine. Rebeiz and Castelfranco ,1971 
and 1973, developed cell free systems capable of protochlorophyll 
and chlorophyll biosynthesis from ALA. Beale and Castelfranco in 
1973 discovered the C5 pathway of ALA biosynthesis and suggested 
that in green plants it is the major route via which ALA is 
formed. In this pathway the entire C5 skeleton of 2-oxoglutarate 
(or glutamate which is readily converted to 2-oxoglutarate and 
NH3 by glutamate dehydrogenase) is converted to ALA. In this 
pathway the C-5 atom of ALA is derived from C-l of 2-oxoglutarate 
(or glutamate). It is now known that there are two different ALA 
biosynthesis pathway in higher plants and animals. In animal 
mitochondria and bacteria, ALA is synthesized by condensation of 
glycine and succinyl-CoA, a reaction catalyzed by the enzyme "ALA 
synthetase" (Fig.l). Although this reaction also occurs in plant 
cells, its contribution to the pool of ALA for chlorophyll 
synthesis appears to be minor (Hoober, 1984). 
In higher plants ALA is synthesized from L-glutamate via two 
intermediates, namely, glutamyl-tRNA, and glutamate-1-
semialdehyde as shown in Figure 2. Three enzymes are involved in 
this pathway which are: glutamyl-tRNA synthetase, NADPH 
dehydrogenase and pyridoxal phosphate (PALP) amino transferase. 
In 1989, Avissar and Beale reported that, in Chlorella vulgaris, 
the aminotransferase, which catalyzes the formation of ALA from 
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Figure 1. Proposed biosynthetic sequence of ALA formation 
via condensation of glycine and succinyl-CoA, in animal 
mitochondria and bacteria. 
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glutamate-1-semialdehyde requires pyridoxal phosphate (PALA) as a 
cofactor. 
Early ALA experiments demonstrated that ALA formation is the 
rate-limiting step in tetrapyrrole formation, at least in 
greening and etiolated plant tissues. Models for the feedback 
regulation of pigment formation have proposed the end product 
modulation of the rate of ALA synthesis via allosteric inhibition 
of enzyme activity and/or regulation of the rate of enzyme 
synthesis and turnover. It has been shown that heme is a potent 
inhibitor of ALA formation in intact plastids. It has also been 
found, in plastids isolated from cucumber cotyledons, that oxygen 
is required for ALA formation (Beale, 1990). 
3-1-2 Conversion of ALA to Porphobilinogen: 
The biosynthesis of porphobilinogen (PEG) (Fig.3-II) from 
ALA, a reaction catalyzed by ALA dehydratase, has been studied in 
detail (Shemin, 1968; Barnard, 1977). It has been found that ALA 
dehydratase catalyzes the formation of one molecule of PEG from 
two molecules of ALA. In this reaction two molecules of water are 
eliminated. Shibata and Ochiai, in 1977, purified this enzyme 
from radish cotyledons and studied some of its properties. Nasri, 
et al. (1988) studied the subplastidic localization of ALA 
dehydratase activity in etiochloroplasts of radish cotyledons and 
found that this enzyme is bound to prothylakoids. 
19 
nooc 
I 
COOtt 
I 
•p. 
C O 
I .t-AMINOLEVULINlC ACID 
COOH 
S t 
I I , POHPnOblLlOGEN 
COOH 
ci, COOn 
H, <«, C < 
coon 
t 
coon 
ci. 
Z 
I I I . UROPOftPWRlNOCEN in 
COOH 
IV 
Cn, 
. » 
COOn 
COPROPOKPHTHINOCEN 
^ C n , 
COOn 
I I I 
:•• 
< * l I 8 ) 
".\» 
" J , 
coon w o n 
V . PflOTOPORPrirRwOGEN POOL 
to) R«-Cn«Cny. DV PROIOCEN 
(ftl H - C H J - C H J - . M/ PROTOCEN 
; 
c.a 
n c / : \ / . X / , \ , 
Hi L7 
-L —m n— 
, — N nt .—• 
i 
? 
coon COOH 
V I . PROTOPORPHYRIN POOL 
tQl f l—Cn-CHj ' , Ov PHOTO 
Figure 3. Some putative intermediates of the Chi 
biosynthetic pathway. 
20 
,c'Wv/U CH, 
c - ' ' 
COOH, COOK, 
V I I Mj-PHOTODlESTER,MP£ C-ND Mo-PROIO POOLS 
l o l ^ . - C d . C M j l H j ' - C M j I f t j ' - C j ^ j j ; . ^ Mg-PHOTO DlESTEH 
1 » | R 1 " C M J - C M , ; R , - C M J ; R J - C , 0 M J J > < * I ' M 9 - P H 0 T 0 OlESTER 
| t |H ( . -Cr t«CM 2 ;R J -CM, ;R J «H; .Oi 'MPE 
| o ) H , . - o y C H j i f i j ' - C M , : R J - M : « ^ K M P E 
I •) M J - C M - C K J I R J - H ; H J - H ; . OV M y PROTO 
l l )M | -Cr t j -CM, ;R , 'M; .R > ' n ;« -kV 'M j -PHOTO 
.Kri )~\ n 
'•'» ." « i 
coon 
V I I I . INTERMEDIATES BETWEEN MPE ONO PCHLIDE 
UIH^-CM.Ct i j - .H j -Cl fCM-COO-CM,; DV ACMTLATE MONOESTER 
I H R ^ - C H J - C M J I R J - C H - C H - C O O - C M , : MV ACHTLATE MONOESTER 
(dRj-CH.CHj- .Rj-CHOrt-CMj-COO-CMj.OK HYDRO*TPROPlONATE MONOESTER 
(«|H | . -Cn,-CHJ :n2"CHOrt-CH2-COO-CH,;<«e HYORCWYPROPIONAIE MONOESTER 
( • I R ^ - C M - C H ^ I R ^ - C O - C H J - C O O - C H , : WnETOPROPIOMATE MONOESIER 
( DHj-CH-CnjIHj.-CO-CNj-COO-Cn^^fKKETOPROPlONATE MONOESTER 
CH, 
HC '" - ^ 
H^ / , B/H 
COOC,„M„ 
V i l l i • INTERMEDIATES BETWEEN Mg-PHOTO OlESTER ONO PCHUOE ESTER 
|«IR,.<H'CM,:m,-CM.CM COO-CM,; O/ACRYLATE OlESTER 
|0)fl,.-CHj-CM);Rj.-CH-CM-COO-CM1:*fk'ACRYLAIE DlESTEA 
(clW^-CH.CMjlRj'-CMOHCMj-COO-CM^Ol/HYDHOXTPROPlONATE OlESTER 
(SIR, •-CHJ-CMJ:Rj--CtiOn-CHJ-COO-CMJ;,HVMTDROXYPROPION»TE OlESTER 
lelR^-CH.CHjiRj.-CO-CHj-COO-CHj; DV KETOPROPIONAIC OlESTER 
(OR^-CH-Cr l j lO j ' -CO-CNj-COO-CM,; MV KETOPROPlOMAU OlESTER 
FIG. 3. (Cont.) 
I 
CH 
/• ° I i\cK 
" . C ' S ^ S V j W ' C H , 
CH, HCfi—»c'.0 
4' 
CH 
I 
COOH 
c'*° 
*>OCH. 
X .PROTOCMLOROPMYLL POOL 
(o ) f l | ' -CH .CM 2 ; f l j ' -C j O M M ; 0 f PCMLIOE ESTER 
(D lR , . .CH ; -CH^ .R , ' C 2 , M ^ ;*rPCMLIOE ESTER 
( c ) R , - C H . C M j ; R j . M \DV PCMLIOE 
(4 ) R, • -CMj -CMj ;Rj -HiMV PCMLIOE 
4 H i, 
H(» \ />)H 
, — M S H — ' 
".^X'k'/"*', 
CH, HC'iJc-O 
coon OCH, 
l o 
CM, M ' O ' C O 
I 
XI.CMLOROPMYLLIDES 
t o I R , — C H , ; R 2 . - C H « C M 2 ; gK CMLIDE « 
| H R , . - C M , : R 2 . - C M 2 - C M j ; i / P CMLIDE » 
I C ) R , < - C H O ; R 2 > - C M > C H 2 ; B*CHLIDE * 
I« IR, . -CMO:RJ— CM2-CH,: « r CHLIDE * 
<txK„n„ oc», 
X I I . CHLOROPHYLLS 
l o ) R , " C H ,
 i R 2 >-CH>CH 2 ;<VCHLi 
I t l R j . - C H j ' . R j . - C M j - C H j - . ^ f C H L a 
l( IR,.-ChO:R2 . -CM.CM2 ;OKCML » 
(gJR^-CHO-.Rj . -CHj-CHj i^PCML* 
FIG. 3 . (Cont.) 
22 
3-1-3 Conversion of PBG to Uroporphyrinogen III: 
The biosynthesis of uroporphyrinogen III (Urogen III) 
(Fig.3-III) from PBG was first reported in higher plants by 
Bogarad in 1958. He showed that an enzyme system consisting of 
PBG-deaminase and uroporphyrinogen isomerase catalyzes the 
conversion of 4 molecules of PBG into one molecule of Urogen III 
4PBG ^ Urogen III + 4NH3 
He also found that in the absence of the isomerase Urogen I is 
formed. Urogen I is not the actual metabolic precursor of 
protoporphyrin IX in higher and lower plants. Smith, in 1988, 
studied the subcellular localization of ALA dehydratase and PBG 
deaminase in pea and found that both were plastid enzymes. 
3-1-4 Conversion of Urogen III to Coproporphyrinogen III: 
Urogen III is decarboxylated to coproporphyrinogen III 
(Coprogen III) (Fig.3-IV) by the enzyme Urogen decarboxylase 
according to the reaction: 
Urogen III Coprogen III + 4C02. 
Urogen decarboxylase was first isolated from rabbit 
reticulocytes by Mauzerall and Granick in 1958. It has since been 
purified 72-fold from tobacco leaves (Chen and Miller, 1974). It 
was more active toward Urogen III than toward Urogen I. The 
activity of the purified enzyme was found to be inhibited by 
thiol reagents and by heavy divalent cations (Rebeiz, 1982). 
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3-1-5 Conversion of Coprogen III into Protoporphyrin IX: 
Protoporphyrin IX (Proto) (Fig.3-VI) was first detected by 
Fischer and Schwerdtel in 1928. In 1948 Granick, after observing 
the accumulation of Proto in X-Ray Chlorella mutants, postulated 
that Proto is probably a precursor of Chi in green plants. In 
1958 Granick and Mauzerall detected Coprogen oxidase, the enzyme 
that catalyzes the oxidative decarboxylation of Coprogen III to 
Proto in a cell free extract of Euglena. In 1961 Sano and Granick 
detected this enzyme in beef liver mitochondria. The enzyme has 
also been purified from tobacco leaves by Hsu and Miller in 1970. 
In 1961 Granick suggested that in animal mitochondria Proto is 
probably formed from protoporphyrinogen IX (Protogen) (Fig.3-V) 
by an enzymatic" oxidation that involved the removal of six 
hydrogens from the Protogen ring. This step is catalyzed by 
Protoporphyrinogen oxidase. In 1977 Mattheis and Rebeiz found 
that exogenous Proto is converted to Pchlide in developing 
cucumber chloroplasts. Since Pchlide is the immediate precursor 
of Chi a, they concluded that Proto is indeed an intermediate of 
the Chi biosynthetic pathway. 
3-1-6 Biosynthesis of Mg-protoporphyrin: 
Mg-Protoporphyrin (Mg-Proto) (Fig.3-VII) was first detected 
in an X-Ray-induced chlorella mutant by Granick (1948) who 
suggested that after the synthesis of Proto the insertion of Mg 
was the next step in the biological synthesis of Chi. In 1972, 
Gorchein proposed that the chelation reaction is coupled to 
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esterification of the nascent Mg-Proto. The biosynthetic role of 
Mg-Proto was demonstrated unambiguously when Ellsworth and 
Hervish (1975) reported the conversion of [3H-Mg] Proto into [3H] 
Pchlide in vitro. In 1979, Smith and Rebeiz reported that Mg-
Proto chelatase, which catalyzes the chelation of Mg by Proto, is 
a membrane-bound enzyme. 
3-1-7 Biosynthesis of Different Mg-Proto Derivatives: 
Mg-protoporphyrin monoester (MPE) (Fig.3-VII) was discovered 
by Granick (1959) in etiolated barley seedlings treated with 
2,2'-dipyridyl and ALA. In 1961 Granick detected MPE in an X-Ray 
chlorella mutant. He also suggested that the ester group in MPE 
was a methyl group. The conversion of Mg-Proto to MPE by 
methylation of the propionic residue at position 6 of the 
macrocycle was first described by Tait and Gibson in 1961, in 
chromatophores of Rhodopseudomonas sphaeroides. In 1967 Radmer 
and Bogorad showed that the enzyme S-adenosyl-L-methionine Mg-
Proto methyItransferase, which catalyzes the transfer of a methyl 
group from S-adenosyl-L-methionine to Mg-Proto in higher plants, 
is present in the chloroplasts of Zea mays. The occurrence of MPE 
in tissues of higher plants greening in the absence of 
inhibitors was reported by Rebeiz et al.,in 1975 and Cohen et 
al., in 1977. Smith and Rebeiz (1977) reported the net conversion 
of added Proto to Mg-Proto(E) and LWMP by isolated etioplasts and 
developing chloroplasts. They pointed out that Mg-Proto-E 
consists of either MPE or a mixture of Mg-Proto and MPE. Mattheis 
25 
and Rebeiz 11977a,b) also demonstrated the conversion of 
exogenous MPE to Pchlide a in vitro, thus ascertaining 
unambiguously the metabolic role of MPE in the Chi biosynthetic 
pathway. Then in 1977 smith and Rebeiz showed for the first time, 
that plastid preparations isolated from etiolated or greening 
cucumber cotyledons are capable of converting exogenous Proto IX 
to Mg-Proto IX monoester and LWMP and proved that the conversion 
is enzymatic in nature. In 1981 McCarthy et al., detected a Mg-
Proto diester (Fig.3-VII) pool in etiolated cucumber cotyledons 
incubated with 2,2'-dipyridyl and ALA. They also pointed out that 
several different long-chain alcohols appear to be involved in 
the esterification of the carboxylic function at position 7 of 
the macrocycle. Then in 1982 Belanger and Rebeiz reported that 
the MPE pool of etiolated tissues, treated with 2,2'-dipyridyl is 
heterogenous and consisted of MV and DV components. They also 
reported that the Mg-Proto diester pool also consisted of DV and 
MV-Proto diester components. 
3-1-8 Intermediates Between MPE and Protochlorophyllide: 
In 1969, Ellsworth and Aronoff, through the use of mass, 
visible and infrared spectroscopy, reported the detection of 
putative intermediates between MPE and Pchlide a in UV-induced 
chlorella mutants. They observed that some of the free porphyrin 
bases had acrylic, hydroxy and keto propionate ester peripheral 
chains and all the free bases as well as the Pchlide pool in the 
mutants occurred in the DV and MV oxidation state, none were 
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detected in higher plants. With the use of sensitive 
spectrofluorometric techniques, Rebeiz et al. (1975) detected in 
higher plants picomole amounts of the putative metabolic 
intermediates between MPE and Pchlide a (Fig.3-VIII). Since these 
metaloporphyrins exhibited longer wavelength emission and 
excitation maxima than MPE, they were named "Long Wavelength 
Metaloporphyrins" (LWMP) . By studying the solubility, 
chromatographic and spectrofluorometric properties of the LWMP 
they suggested that they were closely related to MPE and Pchlide 
a. Then in 1975 Rebeiz et al., reported that the in vitro 
biosynthesis of LWMP depended on the addition of exogenous ALA 
and on the cofactors needed for the biosynthesis of 
protochlorophyllide a from ALA. That same year Rebeiz et al., 
found that the net synthesis of LWMP from ALA by isolated 
etiochloroplasts usually accompanies the net synthesis of 
protochlorophyllide a. In 1977, Mattheis and Rebeiz reported that 
when etiolated chloroplasts containing endogenous LWMP are 
incubated with cofactors but in the absence of exogenous 
substrates, the LWMP were converted to protochlorophyllide a. 
They also observed that the reactions between MPE and 
protochlorophyll are not reversible. In 1978, Rebeiz et al., 
described the experimental evidence for the metabolic role of 
LWMP in green plants. In 1978, Smith, et al., reported that LWMP 
are accumulated during active greening of etiolated tissues and 
disappear when the greening process is interrupted by returning 
the tissue to darkness. 
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3-1-9 Biosynthesis of Protochlorophyllide: 
In 1950 Granick discovered that a non phytol form of 
protochlorophyll, namely, protochlorophyllide (Pchlide) (Fig.3-
X) accumulated in X-ray Chlorella mutants and proposed that it 
was the precursor of protochlorophyll. 2,4-divinyl Pchlide, was 
detected in Rhodomonas spheroides culture by Jones in 1963 and 
was proposed as the precursor of 2 vinyl, 4 ethyl-
protochlorophyllide (MV Pchlide). The conversion of Mg-Proto IX 
into Pchlide was reported by Ellsworth in 1975. The conversion of 
Proto to Pchlide was reported by Mattheis and Rebeiz in 1977. In 
1977 Mattheis and Rebeiz, using radiochemical and 
spectrofluorometric techniques, showed that Pchlide and its 
esterified analog, i.e. Pchlide ester are not interconvertible or 
metabolically interconnected as previously assumed. Belanger and 
Rebeiz (1980) found that the Pchlide pool of etiolated higher 
plant tissues consisted of MV and DV-Pchlide. The same year they 
also reported that the Pchlide ester pool of etiolated higher 
plants was a faithful copy of the Pide pool. It is made up of 
both MV and DV Pchlide esters. Although the two tetrapyrroles 
exhibited similar emission maxima, they were distinguishable by 
their soret excitation maxima, which were at 436-437 and 443-444 
nm for the MV and DV species respectively, in ether at 77°K . The 
two pigments were separated on thin layers of polyethylene. In 
1985, Carey and Rebeiz reported that various angiosperms growing 
under photoperiodic conditions differ drastically in their MV and 
DV Pchlide biosynthetic capabilities, both in darkness (i.e.at 
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night) and in the light. In 1986, Tripathy and Rebeiz 
investigated Chi a biosynthesis in barley, a DMV/LDV plant 
species and cucumber, a DDV/LDV plant species and found that DV-
Pchlide is partially convertible to MV Pchlide ester in barley 
but not in cucumber etiochloroplasts. Their results also showed 
that DV-Pchlide is formed from DV-Proto, DV-Mg-Proto and DV-MPE. 
They also showed that the DV and MV monocarboxylic biosynthetic 
routes are much more strongly interconnected in barley, a dark 
MV/light DV plant species than in cucumber, a dark DV/light DV 
plant species. Finally they demonstrated that in both barley and 
cucumber the MV and DV monocarboxylic Chi biosynthetic routes 
originate in MV and DV Proto pools respectively. 
3-1-10 Biosynthesis of Chlorophyllides and Chlorophylls: 
DV and MV chlorophyllide a (Chlide a) (Fig.3-XI) are 
transient intermediates of Chi a biosynthesis (Belanger and 
Rebeiz, 1980b). In 1973, Rebeiz and Castelfranco reported that 
upon illuminating an etiolated tissue, containing Pchlide and 
Pchlide ester with white light for about 47 mS to 2 S most of the 
Pchlide pool is photoreduced into Chlide a whereas about 4-6% of 
the Pchlide ester pool is converted into Chi a. In 1974, 
Liljenberg, and in 1981 McCarthy et al., found that the fatty 
alcohol of the Pchlide ester pool is not phytol, therefore the 
ester if ying alcohol in DV and MV Chi a, which are formed from the 
DV and MV Pchlide ester pools by photoreduction, is not phytol 
either. In 1977, Schoch et al. investigated the intermediates 
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between Chlide and Phytol containing Chi. They proposed the 
following sequential steps for Chi a biosynthesis: 
Chlide a Chlide a Geranylgeraniol ^ Chlorophyll a 
dihydrogeranylgeraniol Chi a tetrahydrogeranylgeraniol 
^ phytylated Chi a. 
In 1978, Mattheis and Rebeiz, using 14C spectrofluorometric 
techniques showed that: (a) exogenous non-transformable Pchlide 
(nt-Pchlide) can be converted into transformable Pchlide by 
cucumber . etioplast in darkness, (b) t-Pchlide can then be 
photoconverted into Chlide a by a single 15 second illumination 
and (c) the newly formed Chlide a is then esterified and yields 
Chi a. They reported that acidic Pchlide and esterified Pchlide 
are converted to Chi a via different pathways. Namely, light 
photoreduces acidic Pchlide. and causes reduction of the 
unsaturated bond at position 7-8 of the macrocycle and converts 
this tetrapyrrole to Chlide a, which in darkness is converted 
into Chi a via esterification of the propionic acid of carbon 7 
by phytol. On the other hand, esterified Pchlide is 
photoconverted directly into Chi a. In 1979, Belanger and Rebeiz 
suggested that in etiolated higher plants, Chls a and b are 
formed from Pchlide and its DV analog via: (a) light induced 
conversion to distinct Chlide a species and (b) dark 
esterification to distinct Chi a species. In 1980, Belanger and 
Rebeiz reported that both DV and MV Pchlides are independently 
photoconverted by light to two different Chlides a which in turn 
are converted to different Chls a by esterification. 
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Freyssinet et al. (1980) investigated the distribution of 
different Chi a/b chemical species and found that different Chi a 
are unevenly distributed among the various subchloroplast 
particles. They suggested that different Chi a species may have 
different and distinctive functions in photosynthesis. In 1982, 
Duggan and Rebeiz demonstrated that in greening cucumber 
cotyledons, newly formed DV-Chlide a (from DV-Pchlide a upon 
illumination) is rapidly converted in the dark ito MV-Chlide a in 
vitro. In 1982, Belanger et al., identified Chlide (E458 F674) as 
a DV- Chlide a and proposed that is an important intermediate in 
the Chi a biosynthetic pathway. In 1982, McCarthy et al., 
reported that there are two biosynthetic branches for Pchlide and 
Pchlide ester synthesis, namely Pchlide is formed via an acidic 
(mono/dicarboxylic) branch and Pchlide ester is formed via a 
fully esterified (neutral) biosynthetic branch. They also found 
that these two branches are linked together by porphyrin ester 
synthetases at the level of Pchlide and possibly at the level of 
the Proto IX and the MPE pools. 
3-1-11 Multibranched Chi Biosynthetic Pathway 
In 1981, Rebeiz et al. proposed that the Chi a biosynthetic 
pathway does not consist of a single linear chain of reactions, 
but consisted of 4 biosynthetic branches (Fig.4). Then in 1983, 
Rebeiz et al. expanded the 4-branched pathway into a six branched 
one (Fig.5). The various biosynthetic routes of that pathway are 
described below. 
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Figure 4. Four-branched Chi a biosynthetic pathway which 
was proposed in 1981. E and F refer to the soret excitation 
and fluorescence emission maxima, respectively, of the 
various tetrapyrroles, in ether at 77°K (Rebeiz,et al. 
1981) 
o 
m-
o. 
32 
to 
cd 
> 
£ 
u 
•H 
A3 
3 
>, 
<d 
? 
A 
+J 
m 
a, 
o 
•H 
•P 
Q) 
a 
•P 
c 
> i • 
WrH 
0 (d 
•H 
XI 4J 
<0 
«l 
H N 
X3-H 
O <D 
X3 
•d o) 
<Dtf 
£ 0 >i 
C X I 
ftJ 
U m 
XI co 
i m 
X M 
• H 
w c 
-H 
u r d 
(U 
0) Ifl 
U 0 
3 A 
Oi 0 
•H W 
h CU 
33 
1) Fully Esterified MV and DV Chi a Biosynthetic Routes : 
These routes (1 and 6) account for the formation of small 
amounts of Chi a chemical species via fully esterified 
intermediates. The evidence for the operation of these two minor 
esterified Mg-Proto diester pool in higher plants (McCarthy, et 
al., 1981), which was shown to consist of MV and DV Mg-Proto 
diester components (Belanger and Rebeiz, 1982), (b) the 
detection of fully esterified MV and DV Pchlide pool, i.e. of MV 
and DV Pchlide ester pools in green plants (Belanger and Rebeiz, 
1980), (c) the conversion of MV and DV Pchlide ester into MV and 
DV Chi a respectively by a brief light treatments (Belanger and 
Rebeiz, 1980b) and (d) the demonstration that in higher plants 
the MV and DV Pchlide ester pool was not derived from the MV and 
DV Pchlide pool. Instead it was shown that the heterogenous MV 
and DV Pchlide ester pools were derived in parallel from a common 
precursor located between Proto IX and Mg-Proto (McCarthy et al., 
1982). 
2. Monovinyl and Divinyl-7- Monocarboxylic Biosynthetic Routes : 
Most of the Chi a in green plants is formed via routes 2 and 
5 (Fig.5). The existence of these two routes was proposed, in 
1983, by Rebeiz et al. These two routes are referred to as the 
MV and DV-7 monocarboxylic routes respectively. In these routes 
all of the tetrapyrrole intermediates maintain a free carboxylic 
group at position 7 of the macrocycle (Fig. 3) until it is 
esterified with geranylgeraniol or phytol to yield Chi a. 
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Evidence for the operation of these two biosynthetic routes in 
green plants consists of the following: (a) detection of MV and 
DV-Mg-Proto, (b) detection of MV and DV Mg-Proto-6-methyl esters 
(Belanger and Rebeiz, 1982). (c) detection of MV and DV Pchlide-
10-methyl ester (Belanger and Rebeiz, 1980a; Wu and Rebeiz, 
1984), (d) conversion of DV-Chlide a-10-Methyl ester to MV-
Chlide a-10-methyl ester (Duggan and Rebeiz, 1982), and 
conversion of the latter to MV Chi a (Rebeiz et al., 1986), (e) 
conversion of ALA to MV-Proto and the latter to MV-Mg-Proto and 
conversion of MV-Proto, MV-Mg-Proto and MV-Mg-Proto-6-methyl 
ester to MV-Pchlide-10-methyl ester (Tripathy and Rebeiz, 1986), 
and finally (f) conversion of ALA to DV-Proto and the latter to 
DV-Mg-Proto and conversion of DV-Proto, DV-Mg-Proto and DV-Mg-
Proto- 6 -methyl ester to DV-Pchlide-10-methyl ester (Rebeiz et 
al., 1986; Tripathy and Rebeiz, 1986). 
3. Monovinyl and Divinyl-6-Monocarboxylic Biosynthetic Routes: 
These two routes refer to routes 3 and 4 of Figure 5. These 
routes stipulate that the tetrapyrrole intermediates of the 
routes after MV and DV-protoporphyrinogen (Protogen) are 
esterified with an alkyl group at position 7 of the macrocycle 
and retain one free carboxylic group at position 6 (Fig.5). 
Further down the biosynthetic chain, the DV and MV Chlide a-7-
alkyl ester are methylated at position 6 of the macrocycle to 
yield DV and MV Chi a-7-alkyl ester species. The occurrence of 
these two routes was proposed (Rebeiz et al., 1983) on the basis 
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of limited experimental evidence. The real chemical nature of 
these two routes is not as firmly established as the other routes 
(Fig.5). In the four-branched pathway no distinction is made 
between divinyl-7-monocarboxylic and divinyl-6-monocarboxylic 
tetrapyrrole monoesters as well as monovinyl-7-monocarboxylic and 
MV-6-monocarboxylic tetrapyrrole monoesters. As a result routes 2 
and 3 are collectively referred to as the DV-monocarboxylic 
routes and routes 4 and 5 are collectively referred to as the MV-
monocarboxylic routes irrespective of the position of the free 
carboxylic group on the macrocycle. In higher plants, most of the 
Chi a is formed via the DV and MV monocarboxylic routes. These 
two routes are strongly interconnected prior to Pchlide formation 
in barley a DMV/LDV plant species, but not in cucumber a DDV/LDV 
plant species (Tripathy and Rebeiz, 1986). 
3-2. Classification of the Higher Plants into four Different 
Greening Groups: 
After the detection of DV-Pchlide in etiolated and greening 
higher plants, it was observed that there were differences in the 
MV and DV-Pchlide biosynthetic and accumulation patterns among 
various etiolated plant species (Belanger and Rebeiz, 1980a; 
Belanger et al., 1982). This in turn suggested that this 
phenomenon may also be ubiquitous in green higher plants. 
Therefore, the differential MV and DV-Pchlide biosynthetic 
patterns in photoperiodically grown higher plants has been 
investigated. The MV and DV tetrapyrrole content of various plant 
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species was analyzed during the light phase of the photoperiod 
and at the end of the dark phase of the photoperiod. The analysis 
at the end of the dark phase of the photoperiod was meant to 
reflect the activity of the biosynthetic routes at night, while 
analysis in the middle of the day was meant to reflect the 
activity of the biosynthetic routes in daylight. According to the 
results of these analysis three natural Pchlide biosynthetic 
patterns were observed (Rebeiz et al., 1986). 
3-2-1 DDV/LDV Plants: 
This group of green plants is characterized by the 
predominant accumulation of DV-Pchlide at night and in daylight 
(Carey and Rebeiz, 1985). At day break and later in the day Chi 
appears to be formed mainly via DV-Pchlide. This group includes 
plants such as cucumber (Cucumis sativus L.), common purslane 
(Portulaca oleracea L.) and mustard (Brassica juncea). 
3-2-2 DMV/LDV Plants: 
This group of green plants is characterized by the 
predominant accumulation of MV-Pchlide at night and the 
predominant accumulation of DV-Pchlide in daylight (Carey and 
Rebeiz, 1985). At daybreak Chi appears to be formed predominantly 
via MV-Pchlide and via DV-Pchlide later on in daylight. 
Monocotyledonous plant species such as corn (Zea mays L.), wheat 
(Triticum secale), barley (Hordeum vulgare) and dicotyledonous 
plants such as common bean (Phaseolus vulgaris L.), soybean 
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(Celycine max L.) and pigweed (Amanthus retroflexus) belong to 
this group (Rebeiz, et al., 1986; Rebeiz, et al., 1988b) 
3-2-3 DMV/LMV Plants: 
This greening group was recently described (Rebeiz, et al., 
1986). It includes plant species such as johnsongrass (Sorghum 
halepens) crabgrass (Digitaria, sp.). During the dark period such 
plants accumulate predominantly MV-Pchlide and smaller amounts of 
DV-Pchlide. At day break and later on during daylight, they form 
Chi mainly via the MV-Pchlide pool (Rebeiz, et al., 1986). 
It has been shown that in DMV/LDV plant species such as 
barley, the DV and MV monocarboxylic routes become interconnected 
at the level of Pchlide during transition from the DV to the MV-
Pchlide biosynthetic mode. In cucumber a DDV/LDV plant species, 
in which the MV monocarboxylic biosynthetic route becomes 
predominant only after an abnormally long sojourn in darkness, 
the conversion of DV to MV-Pchlide does not take place on the 
barley time-scale incubation (Tripathy and Rebeiz, 1988). 
3-3. Localization of the Chi Biosynthetic Steps in Green Plant 
Cells: 
The intraplastidic localization of the enzymes that catalyze 
the conversion of ALA to Proto is a controversial issue. Using 
osmotic lysis of crude etiochloroplast preparations of etiolated 
cucumber cotyledons accompanied by differential centrifugation, 
Smith and Rebeiz (1979) proposed that the enzymes that catalyze 
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the conversion of ALA in to Proto are localized in the stroma, 
while the enzymes that convert Proto IX to Pchlide are membrane-
bound. They found that endogenous Proto, MPE, LWMP, Pchlide and 
Pchlide ester are membrane-bound. They showed that Proto which is 
synthesized in the stroma becomes subsequently associated with 
the plastid membranes. The membrane-bound Proto is then converted 
to MPE and LWMP by membrane bound enzymes. They also studied the 
conversion of exogenous ALA to Pchlide in lysed plastids and 
found that although the reactions from Proto to MPE and LWMP 
could survive a considerable degree of plastid disruption, the 
reactions from MPE and LWMP to Pchlide were more sensitive to 
structural disorganization. This hypothesis was partially 
corroborated by Castelfranco et al. (1988) who reported that PBG 
deaminase, which converts PBG to a tinier tetramer, is a stromal 
enzyme. Smith (1988) studied ALA dehydratase (which converts 2 
molecules of ALA in to PBG) and PBG deaminase in green pea leaves 
chloroplasts and came to the same conclusion as Castelfranco. On 
the other hand Carell and Kahn had indicated in 1964 that, in 
Euqlena gracilis chloroplasts purified by density gradient 
centrifugation, ALA dehydratase was membrane bound. Likewise 
Jacobs and Jacobs (1984) reported that Protogen oxidase, the 
enzyme that converts Protogen to Proto IX is a membrane-bound 
enzyme. Nasri et al. (1988) reported that in etiochloroplasts of 
radish cotyledons, two thirds of the ALA dehydratase activity was 
stromal and one third was membrane bound. Very recently Lee et 
al., " (1991) reinvestigated the interaplastidic localization of 
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the enzyme complex which catalyzes the conversion of ALA to Proto 
in etiochloroplasts of etiolated cucumber cotyledons. Contrary to 
previous reports they found that these enzymes are loosely bound 
to the plastid membrane. 
3-4. Regulation of the Chlorophyll a Biosynthetic Pathway in 
Green Plants: 
ALA, which is the first precursor of the Chi biosynthetic 
pathway, plays an important role in the gross regulation of the 
overall chlorophyll pathway. This is evident from the fact that 
etiolated tissues that are no longer synthesizing 
protochlorophyll will form and accumulate large quantities of 
protochlorophyll upon treatment with ALA (Sisler and Klein, 
1963). The availability of ALA appears to be under the control of 
a complex set of cellular processes that involve, among other 
things, phytochrome control and or blue light-receptor control 
(Rebeiz and Lascelle, 1982). Klein et al. (1977) using etiolated 
maize (Zea mays) leaves and short illumination with red light or 
far-red found that in leaves preilluminated with red light, 
protochlorophyll(ide) is converted to chlorophyll(ide) and 
induction of ALA synthesis took place. In far-red preilluminated 
leaves no conversion of Pchlide to chlide took place and ALA 
synthesis was not induced. They concluded that light played a 
duel role. One in the control of ALA formation and another 
possibly as a photoreceptor in this control system. Furthermore 
it has been suggested that the level of ALA in green plants may 
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be regulated by the level of heme or a particular heme compound 
(Duggan and Gassman, 1974; Castelfranco and Jones, 1975; Gassman 
and Duggan, 1975). Gassman et al. (1978) have described an 02-
dependent enzyme system, which is capable of oxidizing ALA to C02 
in vivo and in vitro, that may also be involved in the regulation 
of the ALA level in green plants. Other control systems which 
operate on the Chi biosynthetic chain beyond ALA have been 
reported. One such control seems to be exerted at the level of 
PBG availability. Frydman et al. (1973b) identified an enzyme 
system which occurs in plants and which may be involved in the 
regulation of PBG biosynthesis during greening. The enzyme PBG 
oxygenase was purified from wheat germ by Tomaro et al. (1977). 
It converted PBG to inactive 2-hydroxy-5-oxoporphobilinogen and 
5-oxoporphobilinogen. Regulation of the Chi biosynthetic pathway 
may also occur at the level of MPE. Gassman and co-workers (1978) 
suggested that degradative enzymes may be involved in the control 
of the level of MPE during greening. McCarthy and Rebeiz (1980) 
detected an inhibitor of Pchl biosynthesis in an extract of 
cucumber cotyledons. They reported, in 1982, that this inhibitor 
may act only on the acidic branches of the Chi biosynthetic 
pathway between MPE and the Pchlide pools. They also reported 
that this natural inhibitor may be involved in the regulation of 
the flow of intermediates between the acidic and the fully 
esterified branches of the Chi biosynthetic pathway. It has also 
been known for sometime that the reduction of Pchlide to Chlide 
plays an important role in the regulation of Chi biosynthesis and 
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accumulation (Rebeiz and Lascelles, 1982). Daniell and Rebeiz 
(1982a) studied the effect of Kinetin in enhancing the conversion 
of exogenous ALA to Pchlide in etiochloroplasts of cucumber 
cotyledons . They compared the conversion rates in kinetin-
pretreated etiochloroplasts and water-pretreated etiochloroplasts 
and found that plastids isolated from hormone-treated tissues 
were 400% more active in converting ALA to Pchlids than plastids 
from water-treated controls. Daniell and Rebeiz (1986) studied 
the involvement of phytohormones (GA3 and Kinetin) in the 
greening of higher plants. They found that in general, 
exogenously added growth regulators did not appear to affect 
dramatically the reactions between ALA and Pchlide. This was in 
contrast to what had been observed following the in vivo 
pretreatment of the tissues. Notable exceptions to the above 
statement were (a) the possible direct involvement of GA in the 
conversion of MPE to Pchlide as evidenced by slight enhancement 
in Pchlide net synthesis, (b) the possible direct involvement of 
GA and Kinetin in the conversion of Chlide a to Chi a and (c) the 
total inhibition of the Chi a biosynthetic pathway by the 
concentrations of ethephon used in the experiment. 
3-5. Formation of the Chlorophyll b Pool in Green Plants: 
There has been considerable controversy about the origin of 
the Chi b (fig.6) pool in green plants. Through the research 
effort of Shlyk and his co-workers (1971) it has been more or 
less accepted that the Chi b pool is synthesized from newly 
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Figure 6. Structure of Chi a and Chi b molecules. 
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formed Chi a molecules. Chi b is a major plant pigment present in 
virtually all photosynthetic tissues of higher plants; it amounts 
to about 30% of the total Chi in green plants. It differs from 
Chi a by having a formyl group instead of methyl group at 
position 3 of the macrocycle (Fig.6) (Rebeiz and Castelfranco, 
1973). Oelze-Karow and co-workers, in 1978, after a kinetic 
analysis of the fluctuation in the Chlide a and Chi b pool size 
in etiolated mustard cotyledons subjected to various light 
pretreatments, have suggested that the Chi b pool may be formed 
from the Chlide a pool instead of the Chi a pool. It now seems 
that a portion of the Chi b pool may be formed via Chlide b. This 
hypothesis was prompted by the discovery of a major native Chlide 
b pool in greening tissues of higher plants (Duggan and Rebeiz, 
1982a) and by the reported conversion of exogenous Chlide b to 
Chi b in vitro (Benz and Rudiger, 1981). Wu and Rebeiz (1985) 
using Nuclear Magnetic Resonance analysis reported the presence 
of two vinyl groups per macrocycle of DV-Chl b (E489 F666). MV-
Chl b seems to occur mainly in the LHC (Thornber, 1975) that is 
involved in the capture of solar photons. 
While it has now appears that MV-Chl b is formed from Chlide 
b by esterification (Duggan and Rebeiz, 1982a; Benz and Rudiger, 
1981), DV-Chl b is formed from DV-Chlide b. It accumulates in a 
lethal maize mutant (Bazzaz, 1981), where it occurs at a 
relatively high concentrations in purified P-700 preparations as 
well as in reaction center pigment-protein complexes. 
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3-6. Chl-Protein Complex Formation in Thylakoid Membrane: 
In summary the greening process of plants can be 
conveniently divided in to 3 phases: (a) the biosynthesis of 
Pchlide, (b) the conversion of Pchlide to Chi; and (c) 
incorporation of the Chi molecules into the nascent thylakoid 
membranes. 
It is apparent that most, and perhaps all, of the Chi in an 
organism is complexed to several proteins possessing distinctive 
compositions (Thornber, 1975). The P-700-Chl a-protein accounts 
for 10-18% and Light-Harvesting Chi a/b protein accounts for 40-
60% of the total Chi in higher plants and green algal membranes. 
Freyssinet et al. (1980) found that the pigment-proteins 
associated with the reaction centers in thylakoid membrane is 
highly enriched in shorter-wavelength Chi a, whereas the light-
harvesting Chl-protein complex and antenna Chi fraction of Chi a 
complex are highly enriched in long-wavelength Chi a species. 
In 1989 Maloney et al., studied the kinetics of Chi 
accumulation and formation of Chl-protein complexes during 
greening of Chlamydomonas reinhardetii. They found that during 
the first hour of greening Chi a and b accumulated predominantly 
as geranyl geraniol esters, with lesser amounts of ester species 
with more reduced alcohol side chains. When Chi synthesis was 
blocked either by treatment with gabacoline or by transfer to 
darkness, the distribution shifted to the more reduced ester 
forms. They mentioned that similar kinetic patterns indicated 
that a common pool of Chlides a and b acted as substrates for the 
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enzymatic system that carried out esterification and reduction of 
the fatty alcohol at position 7 of the macrocycle for each group 
of Chi. Chi b was essentially quantitatively integrated in the 
light-harvesting complexes as indicated by energy transfer to Chi 
a. In the presence of cycloheximide, an inhibitor of cytoplasmic 
protein synthesis, Chi b did not accumulate and Chi a production 
was reduced by one half. The results suggested that Chi a/b 
protein complexes assemble rapidly during greening and that 
reduction of the alcohol side chain of the Chls is not required 
for assembly of these complexes. 
3-7. Chlorophyll a and b Degradation: 
Despite the obvious autumnal loss of Chi on land and the 
even higher continual loss of Chi in natural waters, the 
biochemical fate and by-products of Chi disappearance are largely 
unknown (Hendry et al., 1987). Even the ultimate fate of the 
carbon and nitrogen released from Chi during its disappearance 
has not been elucidated (Llewellyn et al., 1990). It has been 
suggested that formaldehyde is formed during the photooxidation 
of Chi (Ewart, 1915; Wager, 1914; Warner, 1915). But in 1928 
Willstater and Stoll disproved this idea and suggested that the 
aldehydes were formed by a sensitized oxidation of the methanol 
or ethanol solvents. Early degradation products of chlorophyll 
such as the pheophytins, pheophorbides, allomers and 
chlorophyllides are often reported in the literatures but a large 
gap remains in the knowledge of the final fate of these products 
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(Llewellyn et al., 1990). It is estimated that as much as 10= 
tones of Chi disappear globally each year without leaving a trace 
(Hendry et al., 1987). In the marine environment, it is estimated 
that for depths over 600 meter, less than 1% of the original Chi 
can be detected as Chi or Chi alteration products in sediment 
(Orr et al., 1958). The reason for the greater loss of Chi in 
marine environment is that grazing of algae by zooplanktons 
causes algal cell walls to break, rendering the Chi a and 
phaeophorbide a highly susceptible to photodegradation. In the 
natural environment Chi disappearance may be promoted by light, 
enzymes, grazing and microorganisms (Llewellyn et al., 1990). 
Light and oxygen play an important part during Chi disappearance 
both in vitro and in vivo (Maunders and Brown, 1983). During 
normal photosynthesis, Chi is protected from photodestruction by 
carotenoids and other lipids. However, once protection is lost, 
as in the early stages of senescence, Chi becomes highly 
susceptible to destruction by the light it absorbs (Jan,J.J. and 
G.Mackinney, 1970a). 
The mechanism and products of Chi turnover in healthy 
chloroplasts are also unknown. Chi is continuously synthesized 
and broken down with turnover rates of several days in mature 
healthy leaves and even faster rates in young leaves with 
developing chloroplasts (Stobart and Hendry, 1984). In algae, 
turnover rates are even more rapid with values between one to ten 
hours. The turned over Chi is likely related to protein turnover, 
but it is not known whether or not the products of Chi turnover 
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are re-utilized in Chi biosynthesis or in general metabolism 
(Llewellyn et al., 1990). 
Chlorophylase (chlorophyll chlorophyllidohydrolase,EC 
3.1.1.14) which hydrolyses the long chain fatty alcohol ester 
bond at position 7 of the macrocycle was discovered more than 80 
years ago by Willstatter and Stoll (1910) who suggested that 
removal of the phytyl group was the first step in Chi catabolism. 
With the use of modern chromatographic techniques such as HPLC, 
it has become possible to separate Chi derivatives in acetone 
extracts of senescing tissues. It was observed that senescing 
citrus peel accumulates large amounts of Chlide a and another 
polar dephytylated derivative. It also was found that, in 
senescing parsley leaves the gradual disappearance of Chi a was 
accompanied by an increase in pheophytin a and by the transient 
appearance of several phytylated Chi derivatives. Only pheophytin 
a and another compound were left when all the Chi a had 
disappeared (Amir-Shapira et al., 1987). Llewellyn et al. (1990) 
studied the fate of Chi and pheophytin during photodestruction by 
Chi adsorption to lipoprotein particles which were subsequently 
suspended in water. This was supposed to simulate the condition 
of chlorophyll in the chloroplast thylakoid membrane, where the 
phytyl side chain and the Chi macrocycle are most probably 
solvated in the hydrophobic region of the membrane. The colorless 
hydrophilic products of photodegradation were determined using 
HPLC. They found that Chi a, Chi b, pheophytin a, and 
Pheophorbide a, when adsorbed to hydrophobic particles and 
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exposed to light, photodegraded rapidly to colorless hydrophilic 
and hydrophobic products. They reported that photodegradation 
products were most likely low molecular weight organic acids. 
Since Pheophorbide a which lacks a phytyl side chain produced the 
same HPLC peaks as pigments containing a phytyl chain, they 
suggested that the products are formed from the chlorine 
macrocycle. Bazzaz and Rebeiz in 1979 reported that the formation 
of small amounts of Chlide (Chi that has lost its phytol) and 
pheophorbides (Chlide that has lost its Mg) signal the beginning 
of chloroplast degradation before the disappearance of Chi 
becomes evident. 
Degraded chloroplasts differ from healthy ones in their 
Emission and Excitation fluorescence spectra at 77°K. Normal 
chloroplasts exhibit three maxima at 686, 696 and 740 nm upon 
excitation at 440 nm. The soret excitation spectrum of these 
chloroplasts show three excitation maxima when the emission 
monochromator is positioned at 686nm. It has been found that the 
onset of chloroplast degradation is readily manifested by a 
steady decrease in the F740/F696 and F740/F686 fluorescence 
emission ratios at 77°K. This decrease can be interpreted in 
terms of the decrease of the absorption cross section of PSI and 
the concomitant increase in that of PSII. This in turn results in 
a diminished energy transfer from PSII to PSI which manifests 
itself by a drop in the F740/F696 and F740/F686 fluorescence 
emission ratios (Rebeiz and Bazzaz, 1978). 
49 
C. Photosynthesis: Chemical Reactions 
As early as 1905 the British plant physiologist Blackman 
interpreted the shape of the light saturation curves of 
photosynthesis by suggesting that photosynthesis is a two-step 
mechanism involving a photochemical or light reaction and a non-
photochemical or dark reaction. The dark reactions which is 
enzymatic, is slower than the light reaction and hence at high 
light intensities, the rate of photosynthesis is entirely 
dependent upon the rate of the dark reaction. The light reaction 
has a low or zero temperature coefficient while the dark reaction 
has a high temperature coefficient, characteristic of enzymatic 
reactions. It should be clearly understood that the so-called 
dark reaction can proceed in light and in darkness (Hall and Rao, 
1986). 
In 1932 Emerson and Arnold illuminated suspensions of 
chlorella cells with short flashes of light lasting about 10"5 
second . They measured the rate of oxygen evolution in relation 
to the energy of the flashes, the duration of the dark intervals 
between the flashes and the temperature of the cell suspension. 
Flash saturation occurred in normal cells when one molecule of 02 
evolved per 2500 Chi molecules. They concluded that the maximum 
yield of photosynthesis is not determined by the number of Chi 
molecules capturing the light but by the number of enzyme 
molecules which carry out the dark reaction. They also observed 
that for dark time intervals (between successive flash) greater 
than 0.06 second, the yield of oxygen per flash was independent 
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of the dark time interval; the yield per light flash increased 
with dark time intervals from 0 to 0.06 second. They concluded 
that the dark reaction, determining the saturation rate of 
photosynthesis, takes about 0.06 second for completion. The 
average dark reaction time was calculated to be about 0.02 second 
at 25°C (Hall and Rao, 1986). 
Prior to 1930 many investigators in the field of 
photosynthesis believed that the primary reaction of 
photosynthesis consisted in a splitting of carbon dioxide by 
light to carbon and oxygen; the carbon was thought to be 
subsequently reduced to carbohydrates by water in a different 
series of reactions. Two important discoveries in 1930s changed 
this view point. First, a number of bacteria were found to 
assimilate C02 and synthesize carbohydrates without the use of 
light energy. Second, the Dutch microbiologist Van Niel, in 
comparative studies of plant and bacterial photosynthesis showed 
that some bacteria can assimilate C02 in the light without 
evolving oxygen. Such bacteria would not grow photosynthetically 
unless they were supplied with a suitable hydrogen donor 
substrate. According to Van Niel, Photosynthesis could be 
represented by the general equation: 
C02 + 2H=A C M - t l 9 h t ^ (CH20) + H20 + 2A 
where H2A is the oxidizable substrate. Van Niel suggested that 
the photosynthesis of green plants and algae is a special case in 
which H2A is H20 and 2A is 02. The primary photochemical act in 
plant photosynthesis would then be the splitting of water to 
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yield an oxidant (OH) and a reductant (H). The primary reductant 
(H) could then bring about the reduction of C02 and the primary 
oxidant (OH) could be eliminated through a reaction that 
liberates 02 and reforms H20. Accordingly the overall equation of 
photosynthesis for green plants, would be: 
C02 + 4H20 c h l' L l a h t ^ (CH20) +3H20 + 02 
which is sum of three individual steps: 
(I) 4H20 c h l' L l g h t ^ 4(OH) + 4H 
(II) 4H + C02 ^ (CH20) + H20 
(III) 4(OH) ^ 2H20 + 02 
The above reactions clearly show that oxygen is evolved from 
water and not from C02 (Hall and Rao, 1986). 
A second important observation was made in 1937 by Hill of 
Cambridge university. Hill separated the photosynthesi z ing 
particles (chloroplasts) of green leaves from the respiratory 
particles (mitochondria) by differential centrifugation of a 
homogenate of leaf tissues. Hill's chloroplasts did not evolve 02 
upon illumination (due to possible damage of the chloroplasts 
during isolation) but did so when suitable electron acceptors 
(oxidants) like potassium ferrioxalate or potassium ferricyanide 
were added to the illuminated suspension. One molecule of 02 was 
then evolved for every four equivalents of photoreduced oxidants. 
Later many quinones and dyes were found to be photoreduced by 
illuminated chloroplasts. Chloroplasts, failed however, to reduce 
C02, the natural electron acceptor in photosynthesis. This 
phenomenon, now known as the Hill reaction, is a light-driven 
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transfer of electrons from water to non-physiological oxidants 
(Hill reagents) against the chemical potential gradient. The 
significance of the Hill reaction lies in the demonstration of 
the fact that photochemical 02 evolution can be separated from 
C02 reduction in photosynthesis (Hall and Rao, 1986). 
The decomposition of water and the resulting liberation of 
02 during photosynthesis, was demonstrated by Ruben and Kamen in 
1941. Emerson measured quantum yields of photosynthesis in algae 
illuminated with saturating light flashes and observed that the 
average quantum yield obtained by using two superimposed beams of 
different wavelengths was higher than the average quantum yield 
obtained by using the two light beams separately. To explain this 
enhancement of quantum yield Emerson and Rabinowitch in 1960 
postulated the existence of two light reactions in 
photosynthesis. The same year Hill and Bendall proposed the Z 
scheme of photosynthesis which involved the operation of two 
photosystems in series during photosynthetic electron transport 
and photophosphorylation. 
To conclude, upon illumination, healthy green leaves 
generate NADPH and ATP via the first set of photosynthetic 
reactions namely the light reactions. These reactions occur in 
the thylakoid membranes of chloroplasts. NADPH and ATP are then 
utilized in the enzymatic reduction of C02 to carbohydrates. This 
sequence of reactions are called the dark reactions and take 
place in the stroma of chloroplasts. 
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C-l Light Reactions of Photosynthesis or Z Scheme 
Thornber (1975) and, as well as Buttler and Kitajima (1975) 
have proposed that photosynthetic membranes of higher plants can 
be visualized in terms of three structural/functional units that 
appear to cooperate in the conversion of solar energy to chemical 
energy. These have been reported as: 
1. Core Chi a complex of photosystem I (Chi a I). 
2. Core Chi a complex of photosystem II (Chi all). 
3. Light-harvesting Chi a/b protein complex (LHC). 
Buttler and co-worker (1975) proposed that both photosystems 
can be conceived as containing a reaction center chlorophyll, and 
antenna chlorophylls. The core antenna of PS I which is 
considered to be made up of Chi P700, exhibits a fluorescence 
emission maximum at 740nm. On the other hand, the LHC is 
visualized as a separate entity which transfers excitation energy 
to either of the 2 photosystems. The LHC exhibits a fluorescence 
maximum at 685nm, while the PS II core antenna Chi a exhibits a 
fluorescence maximum at 695nm. It has been also reported that PS 
II pigment-protein complexes of green photosynthetic membranes, 
are enriched in MV Chi a 10 OH lactone (Wu and Rebeiz, 1988). A 
partial separation of PS I and PS II has been achieved by 
chloroplast disruption, partial solubilization and differential 
centrifugation. Analysis of the PS I-containing fraction showed 
that it contains about 200 antenna (light harvesting) 
chlorophylls, about fifty carotenoids (mainly carotenes), one 
cytochrome f, one plastocyanine, two cytochrome b 5 S 3 ^cytochrome 
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bg) and one or two membrane bound ferredoxin molecules per 
molecule of Chi a 700 (P700). The non-pigment components of this 
fraction are members of the redox chain which transfers electrons 
during the light process, PS I is considered to be composed of 
one molecule of P700, constituting the reaction center and of 
about 250 core antenna Chls. Analysis of the PS II-enriched 
fraction shows that it contains about 200 core antenna 
chlorophylls, about 50 carotenoids (namely xanthophylls), an 
unidentified primary electron donor (Z) and an unidentified 
primary electron acceptor (Q), about six atoms of manganese, 4 
plastoquinones, and 2 cytochrome bS59 molecules, per molecule of 
Chi a 680 (=P680) or Chi a 690 (=P690 in some species). Again the 
non-pigment components are members of the photosynthetic electron 
transport chain. PS II is considered to consist of one molecule 
of P680 (or P690), constituting the reaction center, and about 
250 core antenna Chls (Goodwin and Mercer, 1988; Hipkins and 
Baker, 1986). 
C-2 Generation of NADPH and ATP 
The route taken by electrons derived from water in getting 
to NADP in the light phase of photosynthesis is called "non-
cyclic photophosphorylation". "Non-cyclic" because the electrons 
follow a non-cyclic track, "photo" because it is light energy 
that drives them along this track and "phosphorylation" because 
they are driven along the track that converts ADP to ATP. The 
route can be conveniently divided into five sections: the two 
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pigment systems and three electron transport chains. The latter 
are chains of redox systems; one receives electrons from P700 and 
passes them onto NADP"*", a second, referred to as the intermediate 
electron transport chain, receives electrons from P680 and passes 
them to P700+ and a third, referred to as the oxygen evolution 
system, abstracts electrons from water and passes them onto P680+ 
(Goodwin and Mercer, 1988). 
It has been known for sometimes that a cyclic electron flow 
around PS I can be produced artificially with the aid of added 
redox compounds. These compounds are reduced when light is 
absorbed by photosystem I, possibly by picking up electrons from 
X". This artificially induced cyclic phosphorylation was 
demonstrated in 1955 when Arnon used flavin mononucleotide as the 
added redox system. Since then cyclic phosphorylation has been 
shown to occur naturally in chloroplasts. The precise route taken 
by the electrons in this process is not yet clear. It has been 
suggested that the flow is from X~ to Fd590 and then to 
plastoquinone via cytochrome b6. From the resulting PQH2 the 
route to P700"1" is via cytochrome f and plastoquinone. This 
electron transport is accompanied by the generation of ATP, 
presumably in the ratio of 2ATP/2e. It is thought that the 
function of cyclic phosphorylation is to produce the extra ATP 
required for other synthetic processes that take place in the 
chloroplast such as starch, lipid, pigment and nucleic acid 
synthesis (Goodwin and Mercer, 1988). 
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C-3 The Dark Phase of Photosynthesis 
During the dark phase of photosynthesis, reduced pyridine 
nucleotide and ATP which are produced during the light phase are 
used to reduce atmospheric C02 with hydrogen to form various 
carbohydrates. In higher plants three different mechanisms to 
carry out this process are now recognized. C3 plants convert C02 
to carbohydrate via the Calvin cycle only. C4 plants and CAM 
plants also use the Calvin cycle in the conversion of C02 to 
carbohydrate but the process also involves additional enzyme-
catalyzed steps. The nature of these additional steps, the time 
during the day when they occur and their cellular location 
distinguish C4 from CAM plants (Goodwin and Mercer, 1988). The 
dark phase of photosynthesis involves many steps, which have been 
elucidated by the use of radioactive C02 (Calvin, 1962). The 
reactions involved are very rapid (about one second after C02 
absorption). The reactions occur in complete darkness if the 
plantswere preexposed to light. All enzymes involved in the dark 
reactions of photosynthesis are found in the stroma of 
chloroplasts. 
D. Tetrapyrrole-Dependent Photodynamic Herbicides 
D-l Definition 
Tetrapyrrole-dependent Photodynamic herbicides (TDPH) are 
chemicals that induce the accumulation of tetrapyrroles in 
darkness. In the light the accumulated tetrapyrroles cause 
photodynamic damage via production of free radicals. It has been 
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known that biological tissues, cells and subcellular organelles 
that accumulate exogenously supplied porphyrins become very 
sensitive light and can be destroyed by it (Ellfson, 1982; 
Sandberg et al., 1982; Lathan and Bloomer, 1983; Bicker et al., 
1982). In the light the accumulated porphyrins photosensitize the 
generation of singlet oxygen which is a very strong oxidant. 
Singlet oxygen rapidly oxidizes the lipoprotein components of the 
cellular membranes, thus setting in motion a greatly damaging 
free radicle chain reaction (Hopf and Whitten, 1978). This 
phenomenon can be summarized as follow: 
(a) "-Tot + hv ^ 3Tet~ 
(b) 3Tet~ + 3 0 2 > iTet + 10 2* 
(c) iQ2* + UMLP hydroperoxides 
(d) Hydroperoxides ^ free radicals 
(e) Free radicals + UMLP ^ more hydroperoxides 
(f) Repitition of steps (d) and (e) until most of the UMLP 
are oxidized (Rebeiz et al., 1984). 
in this scheme: 
hv = photon of light 
1Tet = tetrapyrrole in the singlet state 
3Tet~ = tetrapyrrole in the triplet excited state 
3 0 2 = oxygen in the triplet ground state 
10 2* = oxygen in the singlet excited state 
UMLP = unsaturated membrane lipoproteins 
In 1984, Rebeiz et al., demonstrated that ALA-dependent 
tetrapyrrole accumulation in green plants renders the plants 
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labile toward light. Rebeiz designated these herbicides as 
Tetrapyrrole Dependent Photodynamic Herbicides (TDPH). The major 
component of TDPH is ALA, which is the biosynthetic precursor of 
all tetrapyrroles in nature. The tetrapyrrole dependent 
connotation is meant to differentiate between this class of 
photodynamic herbicides and other light activated herbicides such 
as paraquat which is not dependent on tetrapyrrole metabolism for 
herbicide activity (Rebeiz, 1990). 
Jung and Kim, in 1990, studied the involvement of 
chromophores as endogenous sensitizers in the photogeneration of 
singlet oxygen in spinach thylakoids. They found that under 
severe light condition some components of the electron carrier 
chain such as Fe-S centers and cytochrome chromophores are 
involved in the generation of singlet oxygen which 
photodynamically inhibits photosynthetic electron transport. The 
same year, Jung et al., also studied the effect of singlet 
oxygen generated by mitochondrial inner membranes on citric acid 
cycle (CAC) enzymes. They found that the photoinactivation 
process of the CAC enzymes proceed mainly via x0 2* which is 
produced largely by the Fe-S centers of membrane-bound nonheme 
iron protein. The susceptibility to photodynamic inhibition 
differed among the CAC enzymes. 
D-2 Discovery of the Selective Herbicidal Effect of ALA 
For the past several years our laboratory has been engaged 
in research aimed at the design of herbicides that would kill 
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undesirable plants via a novel mode of action based on 
established biochemical principles. The ALA based herbicides were 
meant to be nonselective herbicides. Since it acted via the Chi 
biosynthetic pathway and since the latter was such a fundamental 
process which was believed to be common to all green plants, the 
possibility of ALA herbicide selectivity was not suspected. 
However when the herbicidal effect of ALA toward grassy 
monocotyledonous plants (monocots) such as corn, wheat, oat and 
barley was monitored by Rebeiz et al., the grassy monocots were 
essentially unaffected by the spray. This observation prompted 
them to expand the scope of the ALA-susceptibility studies to a 
variety of monocotyledonous and dicotyledonous (dicots) plants. 
Essentially three types of herbicidal responses, namely type I, 
II and III, to ALA + 2,2'-dipyridyl (one of the modulators) were 
noted (Rebeiz, 1984): 
1. Type I response was exhibited by plants such as cucumber 
which after treatment died very rapidly. 
2. Type II response was exhibited by plants such as soybean 
which accumulated tetrapyrrols in the leafy tissues but 
not in the stems and cotyledons. Only the leaves 
exhibited photodynamic damage, but seedlings recovered 
and grew vigorously. 
3. Type III response was exhibited by monocots such as 
corn, wheat, oat and barley. Although the sprayed tissue 
did accumulate significant amounts of tetrapyrrols, 
photodynamic damage was minimal and the treated 
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seedlings continued to grow and developed into healthy 
plants. 
D-3 Modulation of TDPH Activity 
The dependence of TDPH susceptibility upon the greening 
group affiliation of treated plants as well as upon the nature of 
accumulated trtrapyrroles suggested that it may be possible to 
modulate the activity of TDPH chemically. It was conjectured that 
this may be achieved with the use of chemicals that may modulate 
the Chi biosynthetic pathway by forcing ALA-treated plants 
belonging to a certain greening groups to accumulate the "wrong" 
type of MV or DV tetrapyrrole, while inducing other plant species 
belonging to other greening groups to accumulate the "right" type 
of MV or DV tetrapyrrole (Rebeiz et al., 1988b). A large number 
of chemicals (modulators) have been screened for their 
photodynamic herbicidal effects (Rebeiz, 1990). It was found that 
in all cases there was a similarity between the structure of the 
modulator and Chi. It was also found that all of the studied 
modulators fell into two separate categories: (a) those that were 
structurally related to half a tetrapyrrole molecule such as 
dipyridyls and the phenanthrolines, and (b) those that were 
structurally related to one quadrant of a tetrapyrrole molecule 
such as picolinic acid, nicotinic acid and substituted pyridyls. 
This in turn suggested that this similarity between the chemical 
structures of active modulators and between tetrapyrrole halfs 
and quadrants may be essential for photodynamic herbicidal 
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activity as it may facilitate the binding of modulators, to or 
close to the receptor site of specific enzymes of the Chi 
biosynthetic pathway (Nandihalli and Rebeiz, 1991). It was also 
assumed that there may be a relation between a modulator activity 
and its electrostatic field. Nandihalli and Rebeiz (1991) 
investigated the photodynamic phytotoxicity of 1,10-
phenanthroline (Oph) and 9 of its analogues. Quantitative 
structure-activity relationship calculations revealed a highly 
significant correlation between electronic density over specific 
regions of the molecules and photodynamic damage. Further insight 
into structure-function correlations was achieved by analysis of 
relationships between tetrapyrrole modulating activity, 
photodynamic damage, and alteration in the electrostatic field of 
various Oph analogues. In this approach the underlying hypothesis 
was structural complementarity between enzymatic receptor sites 
and modulators, that favored binding of various Oph analogs to or 
close to the receptor sites of various enzymes that catalyze 
various reactions of the Chi biosynthetic pathway. It was 
conjectured that the detection of exclusive positive or negative 
charge binding volumes in groups of Oph analogues that exhibited 
similar tetrapyrrole biosynthesis modulating activity may be an 
indication that these analogs may exert their effects by binding 
to the same enzymatic receptor site. 
In order to determine whether a compound acts as a TDPH 
modulator, the chemical is sprayed on a plant with and without 
ALA, and the treated plant is kept in darkness for several hours 
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to allow tetrapyrrole accumulation to take place. After dark 
incubation and prior to light exposure, the plant tissues are 
analyzed for tetrapyrrole content. Upon exposure to light, 
tissues that had accumulated tetrapyrroles in darkness exhibit 
rapid photodynamic damage within the first hour of illumination. 
The classification of modulators as enhancer, inducer or 
inhibitors of the tetrapyrrole accumulation is then determined 
from the pattern of the tetrapyrrole accumulation in the presence 
and absence of ALA and modulators (Rebeiz et al., 1987; Rebeiz et 
al., 1988b). Based on this mechanism of action TDPH modulators 
have been classified into four distinct groups (Rebeiz 1990; 
Rebeiz et al., 1987): (a) Enhancers of ALA conversion to DV-
Pchlide, which enhance the conversion of exogenous ALA to DV-
Pchlide, (b) enhancers of ALA conversion to MV-Pchlide, which 
enhance the conversion of exogenous ALA to MV-Pchlide, (c) 
inducers of tetrapyrrole accumulation, which induce the plant 
tissue to form large amounts of tetrapyrrole in the absence of 
exogenous ly added ALA, and (d) inhibitors of MV-Pchlide 
accumulation, which appear to block the detoxification of DV-
tetrapyrroles by inhibiting their conversion to MV-tetrapyrroles. 
Of all the aforementioned modulators, only inducers of 
tetrapyrrole accumulation were capable of causing tetrapyrrole 
accumulation in the absence of added ALA. The three other classes 
of modulators did not lead to significant levels of tetrapyrrole 
accumulation in the absence of added ALA. In all cases, the use 
of ALA together with modulators resulted in enhanced tetrapyrrole 
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accumulation and photodynamic damage over and beyond the levels 
caused by ALA alone. 
D-4 Ultrastructural Changes Caused by TDPH 
A time course study of the changes in the ultrastructure of 
spongy mesophyll cells, in green cucumber cotyledons and soybean 
leaves treated with ALA and 2,2'-dipyridyl was performed by 
Montazer- Zouhoor (1987). Immediately after spraying, the 
seedlings were placed in darkness for 17 hours prior to 
illumination. Ultrastructural changes of light exposed tissues 
were studied by electron microscopy. The first degenerative 
symptoms appeared five minutes after illumination as a swelling 
and vesiculation of cisternae of the endoplasmic reticulum. 
Montazer-Zohour attributed these early symptoms to a loss of 
differential permeability of the tonoplast and seepage of 
vacuolar sap, rich in hydrolytic enzymes, into the cytoplasm. 
This was followed, about five minutes later, by the first 
evidence of cell plasmolysis. At this time breakage and nicking 
of the chloroplast membranes also became apparent. After 30 
minutes of illumination many cells became grossly plasmolyzed, as 
the plasma membrane separated completely from the cell wall, and 
the protoplasm shrunk into a greatly reduced mass. After 60 
minutes of illumination, the cells had lost most of their 
organelles and organized membrane structure. In some cases it was 
possible to observe chloroplasts floating in the centers of empty 
cells surrounded by intact cell walls. Other cells contained 
64 
large vesicles enclosing various cellular debris or osmiophilic 
plastoglobulis. Still recognizable mitochondria exhibited grossly 
swollen inner membranes. After 8 hours of illumination internal 
cellular structure were no longer recognizable (Montazer-Zouhoor, 
1988). The above cataclysmic sequence of events is most probably 
a consequence of the sensitized photodegradation of essential 
biomolecules such as unsaturated lipids, proteins and nucleic 
acids (Spikes and Straight, 1987) and leakage of vacuolar sap in 
to the cytoplasm (Rebeiz, 1990). 
D-5 Analytical Methodology 
The analytical techniques used for the quantitative 
determination of tetrapyrroles were developed during biochemical 
investigations of the Chi biosynthetic pathway. These very 
sensitive and selective spectroscopic techniques made use of the 
specific fluorescence properties of free base tetrapyrroles and 
Mg-tetrapyrroles (Rebeiz et al., 1988b). Fluorescence 
spectroscopy is 100 fold more sensitive than electronic 
absorbance spectroscopy. With this technique picomol quantities 
of tetrapyrrole are readily detectable in a solution. For 
example, in a mixture containing several fluorescent species 
having approximately equal relative fluorescence quantum yield 
but different absorption and emission properties, it is possible 
in most cases to elicit the fluorescence of any compound in the 
mixture by exciting the mixture at the wavelength of maximum 
absorption of the compound being sought. Furthermore if 
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fluorescence measurements are made at 77°K, a significant 
narrowing of the emission and excitation bands is observed 
(Rebeiz and Lascelles, 1982). At 77°K fluorescence .methods of 
analysis are not suited for direct quantitative determinations. 
Indeed, at low temperatures solutions do not freeze evenly and 
generate macroscopically nonhomogeneous glasses. As a 
consequence, low temperature glasses prepared from the same 
fluorescent solution exhibit wide variations in the magnitude of 
their fluorescence emission and excitation signals, which in turn 
depend on the condition of the glass. However, in solutions 
containing MV and DV tetrapyrroles, the ratio of MV to DV 
fluorescence signals is independent of the condition of the 
glass. This is probably due to the random microscopic 
distribution of the MV and DV molecules before and after 
freezing. It was therefore conjectured that if one determines by 
293°K spectrof luorometry, the total amount of MV + DV 
tetrapyrroles in a mixture of the two compounds, and determines 
the MV/DV ratio in the mixture by 77°K spectrof luorometry, then 
the calculation of the amounts of MV and DV tetrapyrrols in the 
mixture reduces to simple arithmetic (Tripathy and Rebeiz, 
1985). The methodology for determining small amounts of 
tetrapyrroles at 293°K has been described by Rebeiz et 
al.(1975c), Smith and Rebeiz (1977a) and Bazzaz and Rebeiz 
(1979). Tripathy and Rebeiz (1985) developed the equations for 
quantitative determination of MV/DV Mg-Proto and Pchl(ide) in a 
mixture of these tetrapyrroles, while Wu et al. (1989) derived 
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simultaneous equations for the determination of the ratio of MV 
to DV Chi a and b in unsegregated mixture of these tetrapyrroles. 
The equation used differences in the soret excitation maxima of 
these tetrapyrroles in ether at 77°K, in order to correct for the 
soret excitation overlap between MV and DV Chi(ide) a and between 
MV and DV-Chl(ide) b. 
Finally, with computer interfaced spectrofluorometers, the 
whole process of fluorescence determination, signal deconvolution 
and conversion into concentrations can be accomplished by the 
computer following the recording of appropriate spectra. 
E. Development of Cell-Free System 
Three major advances made the successful in vitro 
duplication of the greening process possible: (a) the 
availability of cell-free systems that enabled the stepwise study 
of the chlorophyll biosynthetic pathway, (b) the introduction of 
analytical techniques that have allowed the Chi biochemist to 
examine the various metabolic pools of the Chi biosynthetic 
pathway and (c) the availability of increasingly fast computation 
facilities (Rebeiz, et al., 1982). 
In 1982, Rebeiz et al., studied the effect of various 
cofactors and additives on the tetrapyrrole biosynthetic activity 
in isolated plastids. In this work they suggested a role for each 
cofactor and determined its optimum concentration for 
tetrapyrrole biosynthesis from exogenous ALA in isolated 
etioplasts. 
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Daneill and Rebeiz (1982b) developed an incubation medium, 
when they did a comparison study of the rate of Chlide 
biosynthesis in vitro and in vivo. Then Daneil and Rebeiz (1984) 
developed a cell-free system capable of both massive conversion 
of ALA to Pchlide and of Chlide a to Chi a. They found that Mg is 
required for the conversion of Chlide a to Chi a during the 
greening of etiochloroplasts in vitro. 
Carey et al. (1985) developed two cell-free systems. One was 
a DDV/LDV tetrapyrrole forming cell-free system which was 
prepared from etiolated cucumber cotyledons. The other one was a 
DMV/LDV tetrapyrrole forming cell-free system prepared from 
etiolated barley. The incubation of the isolated etioplasts with 
exogenous ALA in darkness causes accumulation of massive amounts 
of MPE and Pchlide. The ratio of DV to MV tetrapyrroles differs 
according to the plant species from which the plastids are 
prepared. The accumulated tetrapyrroles in etiochloroplasts (in 
darkness) can be separated from each other by chromatography on 
thin-layer of silica gel (Belanger and Rebeiz, 1980a). MV and DV 
component of each tetrapyrrole can then be separated by 
chromatography on thin-layers of polyethylene (Belanger and 
Rebeiz, 1980). This method enables a person to prepare 
tetrapyrroles, which are not available commercially. 
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CHAPTER 2 
STRUCTURE ACTIVITY STUDY OF THE HERBICIDAL PHOTODYNAMIC EFFECTS 
OF 1,10-PHENANTHROLINE AND OTHER PHENANTHROLINE 
ANALOGS ON JOHNSONGRASS 
A. Introduction 
It was reported by Nandihalli and Rebeiz (1991) that the 
presence of two nitrogen atoms at position 1 and 10 of various 
1,10-phenanthroline (Oph) analogs was mandatory for the 
development of photodynamic herbicidal activity. QSAR 
calculations between 24 selected descriptors and photodynamic 
phytotoxicity in Oph and nine of its analogs revealed a highly 
significant correlation between electronic density over specific 
regions of the molecules and photodynamic damage. Further insight 
into strucrure/function correlations was achieved by analysis of 
relationships between tetrapyrrole modulating activity, 
photodynamic damage and alterations in the electrostatic field of 
various Oph analogs. In this approach the underlying hypothesis 
was a structural complementarity between enzymatic receptor sites 
and modulators, that favored electrostatic binding of various Oph 
analogs to or close to the receptor sites of various enzymes that 
catalyze reactions of the Chi biosynthetic pathway. It was 
conjectured that the detection of exclusive positive or negative 
charge binding volumes in groups of Oph analogs that exhibited 
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similar tetrapyrrole biosynthesis modulating activity may be an 
indication that these analogs may exert their effects by binding 
to the same enzymatic receptor site. In all cases the modulating 
of tetrapyrrole biosynthetic activity by various Oph analogs was 
related to the presence of unique positive charge binding volumes 
in these analogs (Nandihalli and Rebeiz, 1991). This in turn 
suggested that various modulators exerted their effects by 
binding to specific positively charged areas that may well be 
close to Chi biosynthetic enzyme reaction sites. 
In this chapter the tetrapyrrole modulating activity of 1,10 
, 1,7 and 4,7-phenanthroline, as well as phenanthridine (Fig.7) 
on johnsongrass, a DMV/LMV plant species, are investigated. 1,10 
, 1,7 and 4,7-phenanthroline, are geometrical isomers, while 
phenanthridine is a phenanthrene with a nitrogen atom at position 
5. The photodynamic effects of these modulators on cucumber, a 
DDV/LDV plant species, corn, a monocot DMV/LDV plant species and 
soybean, a DMV/LDV plant species, have already been described 
(Montazer-Zohour, 1988). However the electronic properties of 
these modulators were not investigated. In this chapter, an 
effort is made to relate the tetrapyrrole modulating activities 
of these modulators to their physical-electronic properties. 
B. Experimental Strategy 
(1) The physical-electronic properties of the modulators were 
determined using Chem-X software. 
(2) Greening johnsongrass seedlings grown in the growth chamber 
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were sprayed with ALA and modulators and were incubated in 
darkness, in order to induce the accumulation of tetrapyrroles. 
(3) The accumulated tetrapyrrole intermediates were determined by 
well established analytical techniques, just before exposing the 
treated plants to light. 
(4) The photodynamic effects of the sprayed modulators were 
observed over a period of 10 days. 
(5) Correlation between the amounts of dark accumulated 
tetrapyrroles and photodynamic damage caused by light was 
determined by conventional correlation analysis. 
(6) Relationships were established between the physical-
electronic properties of the modulators, tetrapyrrole 
accumulation and photodynamic damage. 
C. Material and Methods 
Plant material and growth conditions: 
Green johnsongrass (Sorghum halepense) plants were used for 
these studies. The seeds were purchased from F. and J. Seed 
Service (Woodstock, IL.). All plants were grown from seeds, in 
the growth chamber. The seeds were germinated in vermiculite in 
glass container, 9 cm deep and 9 cm in diameter. The seedlings 
were watered periodically with Hogland solution (Hogland, 1944). 
The growth room was illuminated by six 1000-W halide lamps (21.1 
mW cm-2) under a 14-hr dark/10-hr light photoperiod. The 
temperature ranged from 27°C in the light to 21°C in darkness. 
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Seedlings were thinned to 15 per container and were treated with 
various modulators as described below. 
Chemicals: 
ALA was purchased from Sigma Chemical Co. (ST.Louis, MO.). 
1,10-Phenanthroline was purchased from Aldrich Chemical Co. 
(Milwaukee, WI.), while phenanthridine, 1,7-phenanthroline and 
4,7-phenanthroline were purchased from Alfa Products 
Thiokol/Ventron (Danvers, MA.). 
General spray scheme: 
The following scheme was used for every experiment. ALA (5 
mM) was sprayed alone and in combination with three different 
concentrations (10, 20, 30 mM) of modulator according to the 
following protocol: 
a. Solvent only 
b. 5 mM ALA 
c. 10 mM Modulator 
d. 5 mM ALA + 10 mM Modulator 
e. 20 mM modulator 
f. 5 mM ALA + 20 mM Modulator 
g. 30 mM Modulator 
h. 5 mM ALA + 30 mM Modulator 
Each treatment consisted of two containers. One was used for 
quantitative calculation of accumulated tetrapyrroles in darkness 
and the other was exposed to light in growth chamber to observe 
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photodynamic damage. All experiments were run in duplicate twice. 
Induction of tetrapyrrole accumulation by chemical treatment: 
The solvent which was used for dissolving the modulators 
consisted of a mixture of acetone/ethyl alcohol/tween 80/water 
(0.45:0.45:0.1:9 v/v/v/v). The pH of each solution was adjusted 
to 3.5 using HCl and KOH, prior to spraying. The plant foliage of 
each container was sprayed with 0.50 ml of solution using a 
modified Pierce Quixpray aerosol Kit, as follows: 0.50 ml of 
solution was placed in a sawn-off 10 ml conical centrifuge tube. 
The tube was placed inside the Quixpray jar. The delivery of very 
fine mist was achieved by pumping the solution through a fine 
bore polypropylene tubing (0.5 mm inside diameter). One end of 
the fine-bore tubing was inserted into the Quixpray intake hose 
and the other end was dipped in the solution, in the conical 
centrifuge tube. After spraying, in order to prevent rapid drying 
of the solution, and to improve penetration, the treated 
seedlings were wrapped in aluminum foil. The wrapped plants were 
transferred to a dark growth chamber and incubated at 28°C over 
night (19 hr). 
Extraction of accumulated tetrapyrroles: 
After dark incubation, one container was placed in the light 
for induction of photodynamic damage. The other container was 
used for tetrapyrrole extraction under a green safelight that 
permits the handling of treated tissues without affecting their 
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tetrapyrrole content. One gram of leaves was homogenized in 6 ml 
of acetone: 0.1 N NH4OH (9:1 v/v) at 1°C using a Brinkman 
polytrone homogenizer. The homogenate was cleared of cell debris 
by centrifugation at 39,000 g for 10 min at 1°C. The centrifuged 
lipoprotein pellet was used for protein analysis. The supernatant 
containing the pigments was extracted with an equal volume of 
hexane followed by an additional extraction with one-third volume 
of hexane. The hexane epiphase containing the chlorophyll and 
other apolar pigments was collected in a clean conical centrifuge 
tube. The hypophase which consisted of the hexane-extracted 
acetone residue (HEAR) contained Proto, Mg-Proto, Mg-Proto 
monoester (MPE), Pchlide, Chlides and pheophorbides. It was 
collected in another clean conical centrifuge tube. Total 
quantities of polar tetrapyrroles in the HEAR fraction were 
determined by room temperature spectrofluorometry as described by 
Rebeiz et al., (1975). To determine the amounts of Chi a and b, 
0.1 ml of the hexane fraction was dried under N2 gas and the 
residue was redissolved in 80% acetone. The amount of Chi a and 
b, and pheophytin a and b in the acetone solution was determined 
spectrofluorometrically (Bazzaz and Rebeiz, 1979). 
Monovinyl tetrapyrroles were distinguished from divinyl 
tetrapyrroles by their spectrofluorometric properties in ether at 
77°K (Tripathy and Rebeiz, 1975). Pchlide and MPE were 
transferred to ether by addition to the HEAR a l/70tl1 volume of 
0.37 M phosphate buffer (pH 7.0) and l/17th volume of saturated 
NaCl, followed by l/15tlx volume of peroxide free diethyl ether. 
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The HEAR was washed with ether several times without creating any 
bubbles. The ether epiphase containing Pchlide and MPE was then 
transferred to a test tube containing 15 ml of 0.37 M phosphate 
buffer (pH 7.0). The ether was mixed with the buffer 12 times. 
Following the addition of a few ml of ether, the ether epiphase 
was collected and used for 77°K spectrofluorometric analysis of 
MV and DV-Mg-Proto and Pchlide components. 
Spectrofluorometry: 
Fluorescence spectra were recorded on a fully corrected 
photon-counting SLM spectrofluorometer model 8000C, interfaced 
with an IBM model XT microcomputer. Tetrapyrrole determinations 
are performed on an aliquots of the HEAR at room temperature in a 
cylindrical microcell 3 mm in diameter. All spectra were recorded 
at emission and excitation bandwidths of 4 nm. The digital 
spectral data were automatically converted by the computer into 
quantitative values. 
Evaluation of photodynamic damage caused by light: 
The photodynamic response of treated plants exposed to light 
was evaluated over a period of ten days. In order to keep a 
record of photodynamic damage, the plants were photographed at 
the beginning of exposure to light, and 24 hours, five days and 
ten days after exposure to light. Photodynamic damage was 
assessed by the percent death of sprayed leaves. 
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Protein determination: 
The acetone-insoluble pellet produced after centrifugation 
of the tissue homogenate was suspended in distilled water with an 
all-glass tissue grinder. Total protein was determined by BCA 
(Smith et al., 1985) on a small aliquot of the suspension after 
delipidation. Absorbance was determined with a Sequoia-Turner 
spectrophotometer model 340. 
Quantitative structure-activity analysis: 
Quantitative structure activity relationship (QSAR) analysis 
was performed on a Digital Equipment Co. workstation model 3520, 
operating on a VMS platform. Chem-X software ( Chemical Design 
Limited, Oxford, England) was used to build 3-dimensional 
chemical structures and to carry out QSAR analysis. The latter 
involved, among other things: (a) optimization of the chemical 
structures via Mopac (QCPE, version 5, 1989) using MNDO 
parameterization, (b) writing the optimized structures of Oph 
and its analogs to a database, (c) calculation of 20 different 
electronic and physical organic properties for each structure, 
i.e. descriptors, (d) performance of correlation analysis between 
the above mentioned 20 descriptors and biological activity, and 
(e) stepwise multiple regression analysis to determine the nature 
of relationships between biological activity and various 
descriptors. 
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Calculation of molecular electrostatic potentials: 
Calculation of electrostatic potential energy levels at 
various sites of a given molecule was performed using Chem-X 
software. Chem-X treats the charge on each atom in a molecule as 
a point charge positioned at the center of the atom. A positive 
unit charge equivalent to that of a proton is then placed at each 
grid point, and the electrostatic interaction between groups of 
atoms and the unit charge is then calculated. The number of grid 
points used in the calculation, 15 per molecule in our case, is 
usually set by the operator. When calculations were completed, 
electrostatic isopotential contour lines are drawn. The level of 
potential energy in Kcal per mole is also selected by the 
operator. In our case we chose values of 10 Kcal/mole for 
positive potential energy levels and -10 Kcal/mole for negative 
potential energy levels. Since the interaction of a positive 
probe with a positive region of the molecule generates positive 
energy levels the latters are interpreted as repelling. Likewise 
since the interaction of a positive charge probe with a negative 
region of the molecule generates negative energy levels the 
latters are interpreted as binding or attracting energy levels. 
In this manner the attraction or repulsion at various loci of a 
particular molecule toward a positive charge can be well defined 
by the negative and positive potential energy contour lines 
respectively, which in fact delineate positive charge binding or 
repelling electrostatic volumes surrounding various sections of a 
molecule. 
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Calculation of exclusive molecular electrostatic potentials: 
Quantitative and positional differences between the 
electrostatic fields of phenanthrene (PHTN), 1,10-phenanthroline 
(Oph) and their analogs were calculated by determining the 
exclusive positive charge binding and repelling volumes for each 
analog in comparison to reference molecule. The reference 
molecule was either PHTN or Oph. The calculation of exclusive 
volumes (i.e. non overlapping volumes between any two molecules) 
was achieved via a Chem-X software module that calculates 
exclusive electrostatic field volumes for pairs of molecules from 
the electrostatic volumes of each individual molecule. In so 
doing it became possible to compare quantitative and qualitative 
positional differences between PHTN, Oph and each one of their 
analogs as well as between various analogs. 
D. Results 
Structural requirements for the expression of photodynamic 
herbicidal modulating activity by 1,10-phenanthroline 
1,10-Phenanthroline (Oph) can be considered an analog of 
phenanthrene (PHTN) in which carbons 1 and 10 have been replaced 
by nitrogen atoms (Fig.7). Likewise, 7,8-benzoquinoline (78BQ) 
can be considered another analog of PHTN in which one of the two 
carbons at position 1 or 10 has been replaced by a nitrogen atom 
(Fig.7). It was demonstrated by Nandihalli and Rebeiz (1991) that 
a PHTN infrastructure was not sufficient for the expression of 
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Name Abrreviation Chemical s t r uc tu r e 
Phenanthrene PHTN ^ " V J T W 
9 IB 1 
7,O-Benzoguinoline 78BQ / A 7 \ 
IM: 
1,10-Phenanthroline Oph / W \ 
:|\| N; 
1,7-Phenanthroline 17Phen ; - \ _ / - \ 
M: 
4,7-Phenanthroline 47Phen ;A_r\ 
-N 
Phenanthridine Phtdn / A f X 
Figure 7. Chemical structure of 1,10-phenanthroline analogs 
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photodynamic herbicidal activity. Substitution of both carbons 1 
and 10 with N atoms was mandatory for activity. This was 
evidenced by the strong photodynamic herbicide modulating 
activity of Oph as compared to PHTN which contains no N atoms and 
78BQ which contains only one N atom. The most noticeable effect 
caused by replacing C atoms with N atoms at position 1 and 10 of 
the PHTN macrocycle was a dramatic increase in electron density 
at the 1 and 10 positions (Nandihalli and Rebeiz, 1991). This was 
expressed, in Oph, by a rise in the net electronic charges from 
-0.05 to -0.18 at the 1 and 10 positions and a rise in the 
electric dipole moment from 0.04 to 2.83 D (Table 1). The dipole 
moment can be visualized as a vector lying in the plane of the 
macrocycle, the positive end of which originates in the middle of 
the molecular plane and the negative head of which points toward 
the negative pole of the molecule (Fig.8). The corresponding 
charges for 78BQ were -0.23 for the N at position 1 and -0.01 for 
the carbon at position 10; the corresponding dipole moment 
amounted to 1.46 D (Table 1). 
In comparison to PHTN, the above mentioned electron density 
changes were accompanied in Oph by: (a) the appearance of large 
positive charge binding volumes (i.e. volumes of the negative 
electrostatic potential energy field) in the vicinity of the 
nucleophilic pole of the Oph molecule delineated by the C2-C9 
atoms, and (b) by loss of positive charge binding volume at the 
electrophilic pole of the Oph molecule delineated by C4-C7 
(Nandihalli and Rebeiz, 1991). This was accompanied by a small 
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Figure 8. Electrostatic potential maps of phenanthroline 
analogs showing the distribution of negative (blue) and 
positive (red) electrostatic isopotential contours at an 
energy level of 10 Kcal/mole. The electrostatic isopotential 
contour lines were calculated by the interaction of the atoms 
in each molecule with a positive unit charge probe. Each 
structure was optimized via MOPAC before calculating its 
molecular electrostatic potentials, a = phenthrene; b = 7,8-
benzoquinoline; c = 1,10-phenanthroline 
a 82 
83 
Figure 8. (cont.) 
d = 1,7-phenanthroline; e = 4,7-phenanthroline; 
f= phenanthridine 
84 
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increase in positive charge repelling volumes (i.e. volumes of 
the positive electrostatic potential field, which repulses 
positive charges and attract negative ones) at positions C2-C3, 
C4, C4-C5, C5, C6-C7 and C8-C9 (Fig.8, Table 2). 
In 78BQ the overall increase in magnitude of the negative 
and positive charge binding volumes in comparison to PHTN, was 
only about one third the increase observed in Oph (Table 1). 
Furthermore, the increase in positive charge binding volume was 
lopsided toward the substituted Nl position. The loss in positive 
charge binding volume at the electrophilic pole of the molecule 
delineated by C4-C7, which in Oph accompanied the replacement of 
two carbon atoms at positions 1 and 10 with N atoms, was not 
observed. Other changes in positive charge binding and repelling 
volumes were very small. 
Structure-Function Study of the Effect of 1,10-Phenanthroline on 
Green Johnsongrass Seedlings a DMV/LMV plant species 
In cucumber, a DDV/LDV plant species, Oph acted as (a) an 
inducer of protoporphyrin IX (Proto), and DV-MPE formation 
(Nandihalli, Rebeiz, 1991) (b) as an enhancer of DV-Pchlide 
formation (Nandihalli, Rebeiz, 1991), and (c) caused the 
accumulation of pheophorbide a (Montazer-Zohour, 1988). 
Photodynamic damage was highly related to the accumulation of 
Proto, DV-MPE and DV-Pchlide. 
In soybean, a DMV/LDV plant species, Oph acted as an inducer 
of Proto, MV and DV-MPE formation and caused the accumulation of 
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pheophorbide a and chlorophyllide a (Montazer-Zohour, 1988). The 
enhancement of DV-Pchlide formation was not expressed (Montazer-
Zohour, 1988). Photodynamic damage correlated with the 
accumulation of Proto, MV-MPE and DV-MPE, chlorophyllide a and 
pheophorbide a. 
In johnsongrass, a DMV/LMV plant species, Oph caused Proto, 
MV-MPE and DV-MPE induction. It also caused Chlide a and 
pheophorbide a accumulation. Photodynamic damage correlated with 
Chlide a and pheophorbide a accumulation (Table 3). In other 
words the tetrapyrrole accumulation response of johnsongrass, a 
DMV/LMV plant species was nearly identical to that of soybean, 
also a DMV plant species. The difference between the two species 
resided mainly in the more pronounced photodynamic susceptibility 
of johnsongrass toward Chlide a and pheophorbide a accumulation. 
Fluorescence emission and excitation spectra in organic 
solvent at room temperature and in ether at 77°K of two of the 
treatments are shown in Figure 9 and 10 respectively. The 
substantial induction of Proto, MPE and pheophorbide a 
accumulation is quite obvious. Some of the photographs taken 10 
days after spraying are shown in Plates 1 and 2. Very little 
recovery of damaged leaves was observed 10 days after spraying. 
Structure-Function Study of the Effects of 1,7-Phenanthroline on 
Green Johnsongrass Seedlings a DMV/LMV plant species 
1,7-phenanthroline (17Phen) is a geometrical isomer of Oph. 
It differs chemically from Oph only in one respect: the nitrogen 
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Figure 9. Fluorescence emission (A) and excitation (B) spectra in 
organic solvent at room temperature of. control and ALA + 1,10-
phenanthroline treated johnsongrass seedlings. The emission 
spectra were elicited by excitation at 400 nm. The excitation 
spectra were recorded at emission wavelegth of 674 nm. Peaks at 414 
and 432 nm in the excitation spectra represent fluorescence 
excitation peaks of pheophorbide a and Chlide a respectively. Peaks 
at 591,637,640 and 674 nm in emission spectra represent 
fluorescence emitted by MPE, Proto, Pchlide and Chlide a 
respectively. ( ) = control (——) = treated 
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Figure 10. Fluorescence emission (A) and excitation (B) spectra 
in ether at 77K of control and ALA + 1,10-phenanthroline treated 
johnsongrass plants. The emission spectra were elicited by 
excitation at 420 run. The excitation spectra were recorded at 
emission wavelength of 625 nm. Peaks at 589, 625, 674 on emission 
spectra represent fluorescence emitted by MPE, Pchlide and Chlide 
respectively. ( ) = control ( -«-) = treated 
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Plate 1. Photodynamic damage in green johnsongrass 
seedlings sprayed with 1,10-phenanthroline in the 
presence and absence of exogenous ALA, the first day 
after exposure to light. Top-left = solvent only; top-
right = 5 mM ALA; bottom-left = 10 mM modulator; bottom-
right = 5 mM ALA + 10 mM modulator. 
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Plate 1. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom-right = 
5 mM ALA + 30 mM modulator. 
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Plate 2. Photodynamic damage in green johnsongrass 
seedlings sprayed with 1,10-phenanthroline in the 
presence and absence of exogenous ALA, 10 days after 
exposure to light. Top-left = solvent only; top-right = 5 
mM ALA; bottom-left = 10 mM modulator; bottom-right = 5 
mM ALA + 10 mM modulator. 
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Plate 2. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom- right = 
5 mM ALA + 30 mM modulator. 
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at position 10 is moved to position 7 (Fig.7). This apparently 
simple chemical difference caused profound changes in the 
electronic properties of the molecule and its biological 
activity. As expected, the Van der Waals volume was not 
significantly affected (Table 1). Most of the effects were 
confined to electronic densities over the molecular surface. In 
comparison to Oph, the net charge at position 1 and 7 increased 
significantly while the net charge at position 10 decreased 
dramatically. This in turn resulted in a significant decrease in 
the dipole moment (Table 1) and a change in orientation by about 
a 100°. In other words instead of pointing downward toward 
position 1 and 10 the dipole moment was now pointing toward 
position 7 of the macrocycle (Fig.8). 
The aforementioned quantitative changes were accompanied by 
changes in the shape and position of the electrostatic fields 
surrounding the molecule (Fig. 8). Calculation of exclusive 
positive charge attracting and repelling electrostatic volumes 
revealed that in comparison to Oph, a shift in positive charge 
binding volumes from the nucleophilic pole toward position 7 of 
the substituted molecules took place. This was expressed by a 
decrease in positive charge binding volumes at the nucleophilic 
pole of the molecules which was accompanied by an increase in 
positive charge binding volume at position 7 of the substituted 
molecules (Table 2). The increase in positive charge binding 
volume at position 7 was accompanied by a decrease in positive 
charge repelling electrostatic volumes at position 7 and an 
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increase in positive charge repelling volumes at positions C9-N10 
(Table 2). 
In cucumber, a DDV/LDV plant species, 17Phen acted as an 
enhancer of Proto formation. Its most pronounced effect was 
however, the inhibition of MV-Pchlide formation and the 
enhancement of DV-Pchlide accumulation. Inhibition of MV-Pchlide 
accumulation is invariably linked to a corresponding increase in 
DV-Pchlide accumulation. Photodynamic damage correlated with DV-
Pchlide accumulation (Montazer-Zohour, 1988). 
In soybean, a DMV/LDV plant species, 17Phen also acted as an 
inhibitor of MV-Pchlide formation and as an enhancer of DV-
Pchlide accumulation (Montazer-Zohour, 1988). Photodynamic damage 
correlated with the accumulation of DV-Pchlide. 
Johnsongrass, a DMV/LMV plant species, appeared to be very 
susceptible to 17Phen and tetrapyrrole modulation. No synergism 
was observed between ALA and the modulator. Furthermore no clear 
correlation was observed between any one of the accumulated 
tetrapyrroles and photodynamic damage (Table 4). This in turn 
indicated that photodynamic damage may have been caused by a 
complex accumulation pattern of more than one tetrapyrrole which 
was not detectable by the simple correlation analysis performed 
in this work. 
The tetrapyrrole modulating effects of 17Phen on 
johnsongrass, a DMV/LMV plant species, were quite different from 
those on cucumber, a DDV/LDV plant species, and soybean, a 
DMV/LDV species. In comparison to cucumber enhancement of Proto 
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accumulation was maintained and inhibition of MV-Pchlide and 
enhancement of DV-Pchlide accumulation were lost. In comparison 
to soybean, enhancement of DV-Pchlide formation was lost. In 
addition, in comparison to both cucumber and soybean, 
establishment of MV and DV-MPE induction and Chlide a formation 
was observed. On the other hand johnsongrass and soybean showed 
more susceptibility to this modulator than cucumber. 
In comparison to Oph, treatment with 1,7-phenanthroline, 
resulted in the maintenance of Proto induction and enhancement, 
and maintenance of DV-Pchlide formation. The establishment of MV-
Pchlide inhibition, enhancement of DV-MPE formation and Chlide a 
accumulation was observed (Table 4). The latter activities may 
have been associated with the unique appearance of positive 
charge repulsive volumes at position C9-N10 of the macrocycle. 
Fluorescence emission and excitation spectra in organic 
solvent at room temperature and in ether at 77°K of two of the 
treatments are shown in Figure 11 and 12 respectively. The 
substantial induction of Proto and MPE accumulation is quite 
obvious. Some of the photographs taken 10 days after spraying are 
shown in Plate 3 and 4. By the tenth day after spraying, some 
recovery from photodynamic damage was observed. 
Structure-Function Study of the Effects of 4,7-Phenanthroline on 
Green Johnsongrass Seedlings a DMV/LMV plant species 
4,7-Phenanthroline (47Phen) is a geometrical isomer of Oph. 
It differs chemically from Oph only in one respect: the nitrogen 
580 600 650 700 380 400 450 500 
Emission Wavelength Excitation Wavelength 
Figure 11. Fluorescence emission (A) and excitation (B) spectra in 
organic solvent at room temperature of control and ALA + 1,7-
phenanthroline treated johnsongrass seedlings. The emission 
spectra were elicited by excitation at 400 nm. The excitation 
spectra were recorded at emission wavelegth of 674 nm. Peaks at 414 
and 432 nm in the excitation spectra represent fluorescence 
excitation peaks of pheophorbide a and Chlide a respectively. Peaks 
at 591,637,640 and 674 nm in emission spectra represent 
fluorescence emitted by MPE, Proto, Pchlide and Chlide a 
respectively. ( ) = control (-—-*-) = treated 
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530 600 650 700 380 400 450 500 
Emission Wavelength Excitation Wavelength 
Figure 12. Fluorescence emission (A) and excitation (B) spectra 
in ether at 77K of control and ALA + 1,7-phenanthroline treated 
johnsongrass plants. The emission spectra were elicited by 
excitation at 420 nm. The excitation spectra were recorded at 
emission wavelength of 625 nm. Peaks at 589, 625, 674 on emission 
spectra represent fluorescence emitted by MPE, Pchlide and Chlide 
respectively. ( ) = control (—-.— ) = treated 
Plate 3. Photodynamic damage in green johnsongrass 
seedlings sprayed with 1,7-phenanthroline in the presence 
and absence of exogenous ALA, the first day after 
exposure to light. Top-left = solvent only; top-right = 5 
mM ALA; bottom-left = 10 mM modulator; bottom-right = 5 
mM ALA + 10 mM modulator. 
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Plate 3. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom-right = 
5 mM ALA + 30 mM modulator. 
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Plate 4. Photodynamic damage in green johnsongrass 
seedlings sprayed with 1,7-phenanthroline in the presence 
and absence of exogenous ALA, 10 days after exposure to 
light. Top-left = solvent only; top-right = 5 mM ALA; 
bottom-left = 10 mM modulator; bottom-right = 5 mM ALA + 
10 mM modulator. 
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Plate 4. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom- right = 
5 mM ALA + 30 mM modulator. 
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atoms at positions 1 and 10 are moved to positions 4 and 7 (Fig. 
7). Since N atoms are highly nucleophilic, this isomerism shifts 
the nucleophilic pole of the molecule from position 1-10 to 
position 4-7 of the macrocycle. In other words as a consequence 
of this isomerism, the nucleophilic pole of the molecule flipped 
by 180° in comparison to Oph. 
This chemical. difference caused profound changes in the 
electronic properties of the molecule and its biological 
activity. As expected, the Van der Waals volume was not 
significantly affected (Table 1). Most of the effects were 
confined to electronic densities over the molecular surface. In 
comparison to Oph, the net charge at positions 4 and 7 increased 
dramatically while the net charge at positions 1 and 10 
approached a value of zero (Table 1). This in turn resulted in a 
change in the orientation and value of the dipole moment. The 
latter underwent a directional flip of 180° (Fig. 8), and 
increased significantly in magnitude (Table 1). 
The aforementioned quantitative changes were accompanied by 
changes in the shape and position of the electrostatic fields 
surrounding the molecule (Fig. 8). Calculation of exclusive 
positive charge attracting and repelling electrostatic volumes 
revealed that in comparison to Oph, a dramatic shift in positive 
charge binding volumes from position C2-C9 to position C4 and C7 
took place (Table 2). This was expressed by a decrease in 
positive charge binding volume of 26 A°3 at the C2-C9 position, 
which was accompanied by a nearly equivalent increase (13A°3) in 
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positive charge binding volume at position 4 and at position 7 of 
47Phen (Table 2). The increase in positive charge binding volume 
at position 4 and 7 of 47Phen was accompanied by a decrease in 
positive charge repelling electrostatic volumes at positions 4 
and 7 and an increase in positive charge repelling volumes at 
position C9-N10 of 47Phen (Table 2). 
In cucumber, a DDV/LDV plant species, 47Phen acted 
essentially as an inhibitor of MV-Pchlide formation and an 
enhancer of DV-Pchlide accumulation (Montazer-Zohour). Its effect 
on Chlide a formation was not investigated. 
In soybean, a DMV/LDV plant species, 47Phen acted mainly as 
an inhibitor of MV-Pchlide formation, as an enhancer of DV-
Pchlide accumulation and resulted in the accumulation of Chlide a 
Some enhancement of Proto accumulation was also observed 
(Montazer-Zohour, 1988). Photodynamic damage correlated with the 
accumulation of DV-Pchlide and Chlide a. 
The same tetrapyrrole modulating effects were also observed 
in johnsongrass, namely inhibition of MV-Pchlide formation, 
enhancement of DV-Pchlide accumulation, accumulation of Chlide a 
and some enhancement of Proto accumulation (Table 5). 
In comparison to Oph, treatment with 4,7-phenanthroline, 
resulted in the maintenance of a certain level of Proto and DV-
MPE induction, and maintenance of a certain level of DV-Pchlide 
enhancement. Photodynamic damage correlated very significantly 
with Chlide a accumulation. 
Fluorescence emission and excitation spectra in organic 
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solvent at room temperature and in ether at 77°K of two of the 
treatments are shown in Figures 13 and 14 respectively. The 
substantial induction of Proto, MPE and Chlide a accumulation is 
quite obvious. Some of the photographs taken 10 days after 
spraying are shown in Plate 5 and 6. By the tenth day after 
spraying, some recovery from photodynamic damage was observed. 
Structure-Function Study of the Effects of Phenanthridine on 
Green Johnsongrass Seedlings a DMV/LMV plant species 
Phenanthridine (Phtdn) is not a geometrical isomer of Oph; 
it is an analog of Oph and a geometrical isomer of 78BQ. It 
differs chemically from Oph by having one N at position 5 of the 
macrocycle instead of having two nitrogens at positions 1 and 10 
of the macrocycle (Fig.7). It differs from 78BQ, a 
photodynamically inactive modulator by a shift of N from position 
1 to position 5 of the macrocycle (Fig.7). These chemical 
modifications caused considerable differences in the electronic 
properties and tetrapyrrole modulating activity of the molecule 
in comparison to 78BQ and Oph. 
As expected, the Van der Waals volume underwent a slight 
decrease (Table 1). Most of the effects were confined to 
electronic densities over the molecular surface. In comparison to 
inactive 78BQ, a considerable drop in electronic charge at 
position 1 was accompanied by a corresponding increase at 
position 5. In comparison to Oph, drops in net charge at position 
1 and 10 were accompanied by an increase at position 5 (Table 1). 
580 600 650 700 380 400 450 500 
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Figure 13. Fluorescence emission (A) and excitation (B) spectra in 
organic solvent at room temperature of control and ALA + 4,7-
phenanthroline treated johnsongrass seedlings. The emission 
spectra were elicited by excitation at 420 nm. The excitation 
spectra were recorded at emission wavelegth of 674 nm. Peaks at 414 
and 432 nm in the excitation spectra represent fluorescence 
excitation peaks of pheophorbide a and Chlide a respectively. Peaks 
at 591,637,640 and 674 nm in emission spectra represent 
fluorescence emitted by MPE, Proto, Pchlide and Chlide a 
respectively. ( ) = control (--—) = treated 
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Figure 14• Fluorescence emission (A) and excitation (B) spectra 
in ether at 77K of control and ALA + 4,7-phenanthroline treated 
johnsongrass plants. The emission spectra were elicited by 
excitation at 420 nm. The excitation spectra were recorded at 
emission wavelength of 625 nm. Peaks at 589, 625, 674 on emission 
spectra represent fluorescence emitted by MPE, Pchlide and Chlide 
respectively. ( ) = control (-——*-) = treated 
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Plate 5. Photodynamic damage in green johnsongrass 
seedlings sprayed with 4,7-phenanthroline in the presence 
and absence of exogenous ALA, the first day after 
exposure to light. Top-left = solvent only; top-right = 5 
mM ALA; bottom-left = 10 mM modulator; bottom-right = 5 
mM ALA + 10 mM modulator. 
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Plate 5. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom-right = 
5 mM ALA + 30 mM modulator. 
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Plate 6. Photodynamic damage in green johnsongrass 
seedlings sprayed with 4,7-phenanthroline in the presence 
and absence of exogenous ALA, 10 days after exposure to 
light. Top-left = solvent only; top-right = 5 mM ALA; 
bottom-left = 10 mM modulator; bottom-right = 5 mM ALA + 
10 mM modulator. 
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Plate 6. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom- right = 
5 mM ALA + 30 mM modulator. 
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This in turn resulted in a change in the orientation and value of 
the dipole moment. The latter underwent a directional flip of 
about 100° in the direction of the nitrogen at position 5 of the 
macrocycle (Fig 8). This was accompanied by a decrease in the 
magnitude of the dipole moment (Table 1). These changes in the 
electronic properties of Phtdn in comparison to Oph, were also 
reflected by electronic superdelocalization (i.e. available 
electron density) changes around the unoccupied molecular 
orbitals (SDUNOCMO) and with respect to the next highest occupied 
(SDWRHOMO) and with respect to the next lowest unoccupied 
molecular orbitals (SDWRLUMO) (Table 1). 
The aforementioned quantitative changes were accompanied by 
changes in the shape and position of the electrostatic fields 
surrounding the molecule (Fig.8). Calculation of exclusive 
positive charge attracting and repelling electrostatic volumes 
revealed that in comparison to Oph, a dramatic shift in positive 
charge binding volumes from position C2-C9 to position C5 took 
place (Table 2). This was expressed by a decrease in positive 
charge binding volume of 31 A°3 at the C2-C9 position, which was 
accompanied by an increase of 13 A°3 in positive charge binding 
volume at position 5 of the macrocycle (Table 2). The increase in 
positive charge binding volume at position 5 was accompanied by a 
decrease in charge repelling electrostatic volumes at positions 
C2, C3 and C5, and an increase in positive charge repelling 
volumes at position C9-N10 of the macrocycle (Table 2). 
In cucumber, a DDV/LDV plant species, Phtdn acted as an 
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inducer of Proto formation, an enhancer of MV and DV-Pchlide 
accumulation, and caused the accumulation of pheophorbide a. 
Photodynamic damage correlated with MV and DV-Pchlide 
accumulation (Montazer-Zohour, 1988). 
In soybean, a DMV/LDV plant species, the induction of Proto 
formation disappeared, but enhancement of DV-Pchlide accumulation 
was maintained. The formation of pheophorbide a increased 
considerably, and was accompanied by lesser amounts of Chlide a 
formation (Montazer-Zohour, 1988). Photodynamic damage correlated 
very highly (1% level) with the accumulation of pheophorbide a. 
In johnsongrass, treatment with Phtdn resulted in Proto 
induction and enhancement and MV and DV-MPE induction, in 
inhibition of MV-Pchlide accumulation and enhancement of DV-
Pchlide formation. The major effects however consisted in the 
massive formation of pheophorbide a and Chlide a, features which 
were also expressed in soybean and to a lesser extent in cucumber 
(i.e. pheophorbide a formation). Photodynamic damage correlated 
mainly with pheophorbide a (5%) and Chlide a (1%) accumulation 
(Table 6). 
In comparison to Oph, treatment with Phtdn, resulted in the 
maintenance of a certain level of Proto and DV-MPE induction, and 
maintenance of a certain level of DV-Pchlide enhancement. 
Fluorescence emission and excitation spectra in organic 
solvents at room temperature and in ether at 77°K of two of 
treatments are shown in Figures 15 and 16 respectively. 
Accumulation of some Proto, MPE and pheophorbide a is obvious. 
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Figure 15. Fluorescence emission (A) and excitation (B) spectra in 
organic solvent at room temperature of control and ALA + 
phenanthridine treated johnsongrass seedlings. The emission spectra 
were elicited by excitation at 420 nm. The excitation spectra were 
recorded at emission wavelegth of 674 nm. Peaks at 414 and 432 nm 
in the excitation spectra represent fluorescence excitation peaks 
of pheophorbide a and Chlide a respectively. Peaks at 591,637,640 
and 674 nm in emission spectra represent fluorescence emitted by 
MPE, Proto, Pchlide and Chlide a respectively. (——) = control 
( ) = treated 
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530 600 650 700 380 400 450 500 
Emission Wavelength Excitation Wavelength 
Figure 16. Fluorescence emission (A) and excitation (B) spectra 
in ether at 77K of control and ALA + phenanthridin treated 
johnsongrass plants. The emission spectra were elicited by 
excitation at 420 nm. The excitation spectra were recorded at 
emission wavelength of 625 nm. Peaks at 589, 625, 674 on emission 
spectra represent fluorescence emitted by MPE, Pchlide and Chlide 
respectively. ( ) = control (—--*—) = treated 
120 
Some of the photographs taken 10 days after spraying are shown in 
Plates 7 and 8. By the tenth day after spraying, no recovery from 
photodynamic damage was observed at the higher spray 
concentrations. 
Relationships Between Photodynamic Damage in Green Johnsongrass 
Seedlings and Various Molecular Descriptors of 1,10-
Phenanthroline and its Analogs 
As we have described at some length, various modifications 
of the chemical structure of Oph, that resulted in geometrical 
isomers and analogs, resulted in a pronounced modification of the 
photodynamic herbicidal activity as ALA and various Oph analogs 
contributed singly and in combinations to photodynamic injury 
(Table 3,4,5,6). In a first approach we attempted to identify 
from among 16 physical-chemical properties, specific descriptors 
which may be correlated with observed responses related to 
photodynamic damage. The biological responses of interest were 
PDM and PDA+M. PDM refers to photodynamic damage when the 
modulator is applied alone, and PDA+M refers to photodynamic 
damage caused by 5 mM ALA in combination with 30 mM modulator. 
In the case of PDM, the Chem-X data reduction procedure 
(Chemstat) identified two descriptors which exhibited correlation 
(5% level) with PDM, and showed no inter-correlation among 
themselves. Further regression analysis, exhibited a significant 
linear relationship between PDM and the magnitude of the 
electrostatic positive charge repulsing volumes around the 
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Plate 7. Photodynamic damage in green johnsongrass 
seedlings sprayed with phenanthridine in the presence and 
absence of exogenous ALA, the first day after exposure to 
light. Top-left = solvent only; top-right = 5 mM ALA; 
bottom-left = 10 mM modulator; bottom-right = 5 mM ALA + 
10 mM modulator. 
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Plate 7. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom-right = 
5 mM ALA + 30 mM modulator. 
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Plate 8. Photodynamic damage in green johnsongrass 
seedlings sprayed with phenanthridine in the presence and 
absence of exogenous ALA, 10 days after exposure to 
light. Top-left = solvent only; top-right = 5 mM ALA; 
bottom-left = 10 mM modulator; bottom-right = 5 mM ALA + 
10 mM modulator. 
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Plate 8. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom- right = 
5 mM ALA + 30 mM modulator. 
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molecules which is described by: 
PDM = 4.41 (ESTATVLC2) - 57.69 [R2 = 0.71] 
In the case of PDA+M, the data reduction also identified 2 
descriptors which correlated with PDA+M (5% level) and showed no 
inter-correlation among themselves. Further regression analysis 
with PDA+M, exhibited a significant correlation again between 
PDA+M and positive charge repelling electrostatic volumes around 
the molecules (Table 1). This relationship is described by: 
PDA+M = 3.78 (ESTATVLC2) - 31.33 [R2 = 0.89] 
E. Discussion 
In 1988, Montazer-Zohour demonstrated that in addition to 
anabolic tetrapyrroles, such as Proto, MPE and Pchlide, catabolic 
tetrapyrroles such as pheophorbide a were also capable of acting 
as photosensitizers of photodynamic damage. Anabolic 
tetrapyrroles are metabolic intermediates of Chi biosynthetic 
pathway, while catabolic tetrapyrroles are intermediates in the 
degradation of Chi. Nandihalli, et al. (1991) reported that in 
plants treated with acifluorfen-sodium, Chlide a also acted as a 
herbicidal photodynamic sensitizer. Chlide a (i.e. Chi a that has 
lost its phytol), and pheophorbide a (i.e. Chlide a that has lost 
its Mg) are the first two products of Chi a degradation (Bazzaz 
and Rebeiz, 1979). 
In this work it is shown unambiguously that analogs and 
geometrical isomers of Oph caused the accumulation of both 
anabolic and catabolic tetrapyrroles in johnsongrass. Most 
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noticeable was the forced accumulation of Chlide a which 
invariably was correlated with a shift in positive charge binding 
volumes from the southern to the northern pole of the modulators 
(Fig.8). Furthermore the establishment of positive charge binding 
volumes at position 5 of the macrocycle appeared to correspond to 
the onset of pheophorbide a accumulation. It is conceivable to 
conjecture that the presence of electrostatic positive charge 
binding volumes at position 4, 5 or 7 in these modulators 
affected the binding of such modulators to the thylakoid 
membranes in such a way that enzymes of Chi a catabolism were 
activated. 
The tetrapyrrole modulating effects of Oph and its analogs 
on the three plant species representing the three natural 
greening groups were not identical. Although there was some 
common effects, the three plant species differed in the details 
of their response to the modulators. The two DMV species namely 
soybean and johnsongrass had more in common in their response 
than cucumber which is DDV plant species. This was to be expected 
since the monocarboxylic MV biosynthetic routes were more 
prevalent in the DMV species than in the DDV one. 
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CHAPTER 3 
STRUCTURE ACTIVITY STUDY OF THE HERBICIDAL PHOTODYNAMIC EFFECTS 
OF 2,2'-DIPYRIDYL AND OTHER DIPYRIDYL ANALOGS 
ON JOHNSONGRASS 
A. Introduction 
As was mentioned before, the dependence of TDPH 
susceptibility upon the greening group affiliation of treated 
plants, as well as upon the nature of accumulated tetrapyrroles, 
suggested that it may be possible to chemically modulate the 
activity of TDPH. It was conjectured that this may be achieved 
with the use of chemicals that may modulate the Chi biosynthetic 
pathway by forcing ALA-treated plants belonging to certain 
greening groups to accumulate the wrong type of MV or DV 
tetrapyrrole, while inducing other plant species belonging to 
other greening groups to accumulate the * correct' type of MV or 
DV tetrapyrrole (Rebeiz, et al., 1988a). An initial search led to 
the identification of 14 chemicals which acted in concert with 
ALA and which exhibited a definite modulating propensity toward 
the Chi a biosynthetic pathway. These chemicals can be 
classified, structurally, in three groups: a phenanthroline 
group, a dipyridyl group and a pyridyl group. The herbicidal 
photodynamic effects of the first group was addressed in chapter 
2. 
Another group of modulators consists of 2,2'-diprridyl 
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analogs. The first modulator which was used jointly with ALA for 
TDPH purposes was 2,2'-dipyridyl (DPY) (Rebeiz, et al., 1984). 
The decision to use DPY in concert with ALA was based on the 
following considerations: (a) In the early 1960s Granick (1961) 
had demonstrated that etiolated barley leaves incubated with ALA 
and DPY accumulated large amounts of protoporphyrin IX (Proto), 
protochlorophyllide, and small amounts of Mg-protoporphyrin IX 
monoester (MPE), (b) since the early 1970s, Rebeiz and coworkers 
have been routinely using ALA plus DPY treatments for the 
accumulation of massive amounts of protochlorophyllide, and MPE 
by etiolated plant tissues (Rebeiz, et al., 1970), (c) with the 
use of analytical fluorescence techniques developed by Rebeiz et 
al. (1975), Bazzaz and Rebeiz (1978) had demonstrated that the 
Chi biosynthetic pathway was still very active in green mature 
tissues. It was, therefore, conjectured that in order to achieve 
the massive accumulation of tetrapyrroles by green mature tissues 
for possible photodynamic herbicidal purposes, such tissues 
should be treated with combinations of ALA and DPY (Rebeiz, et 
al., 1984). Encouraged by these preliminary results the search 
continued for additional dipyridyl analogs that may have TDPH 
modulating potential. 2,3'-dipyridyl, 2,4'-dipyridyl and 4,4'-
dipyridyl were chosen because they are structural isomers of 
2,2'-dipyridyl and 2,2'-dipyridylamine and 2,2'-dipyridyl 
disulfide were used because of their structural similarity to 
2,2'-dipyridyl. 
In this chapter the tetrapyrrole modulating activity of 
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2,2'; 2,3'; 2,4' and 4,4'-dipyridyl, as well as 2,2'-
dipyridylamine and dipyridyl disulfide on johnsongrass, a DMV/LMV 
plant species are investigated. The photodynamic effects of these 
modulators on cucumber, a DDV/LDV plant species, corn, a DMV/LDV 
plant species and soybean, a DMV/LDV plant species, have already 
been described (Montazer-Zouhoor, 1988). However the electronic 
properties of these modulators were not investigated. In this 
chapter, an effort is also made to relate the tetrapyrrole 
modulating activities of these tetrapyrroles to their physical-
electronic properties. 
B. Experimental Strategy 
The same strategy as in chapter 2 was used. 
C. Material and Methods 
All material used in this chapter were the same as chapter 2 
except for modulators. Six chemicals were used with and without 
ALA in this series of experiments. 2,2'-dipyridyl was purchased 
from Sigma Chemical Co.(ST.Louis,MO.). 2,3'-dipyridyl, 2,4'-
dipyridyl, 4,4'-dipyridyl, 2,2'-dipyridyl amine and 2,2'-
dipyridyl disulfide were purchased from Aldrich Chemical Company 
(Milwaukee, WI.). All growth conditions and techniques used for 
these experiments were the same as in chapter 2. 
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Da Results 
Comparing of the physical electrical properties of 2,2'-
dipyridyl and 1,10-phenanthroline 
2,2'-dipyridyl (DPY) differs chemically from 1,10-
phenanthroline (Oph) by the absence of 2 carbon atoms, which link 
the two N-heterocyclic rings via a third ring (Fig. 17). This 
chemical difference caused some changes in the electronic 
properties of 2,2'-dipyridyl and its biological activity, in 
comparison to Oph. As was mentioned by Nandihalli and Rebeiz 
(1990) Oph exhibited a strong photodynamic herbicidal modulating 
activity on cucumber. 2,2'-Dipyridyl, on the other hand, 
exhibited weaker photodynamic herbicidal activity on cucumber 
(Montazer-Zohour, 1988). The photodynamic damage caused by Oph 
was caused by Proto, DV-MPE, DV-Pchlide and Pheophorbide a 
accumulation. On the other hand in Dpy-treated plants 
photodynamic damage was caused by the accumulation of MV and DV-
MPE, and MV and DV-Pchlide. 
As shown in Table 7, Van der waals volume decreased from 
143.61 in Oph to 126.81 in Dpy. Among all quantum mechanical 
parameters, only SDWRLUMO was doubled in Dpy in comparison to 
Oph. The negative electrostatic volume decreased from 152.43 in 
Oph to 110.99 in Dpy. There was no differences in net charges at 
different positions of the two compounds. Negative steric probe 
energy values also decreased in 2,2'-dipyridyl in comparison to 
Oph. Neither the dipole moment (Table 7), nor the nucleophilic 
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Name Abrreviation Chemical structure 
2 , 2 ' - D i p y r i d y l Dpy 
4 ' 
/A_7\ 
6 .1 l- L' 
2 , 3 ' - D i p y r i d y l 23Dpy fy_/ \ 
2 , 4 ' - D i p y r i d y l 2 4 Dpy 
/Vjn,, 
:M 
4 , 4 ' - D i p y r i d y l 4 4 Dpy r%ur\ 
2,2'-Dipyridyl amine Dpyamine 
r^X r^S 
H 
2,2'-Dipyridyl disulfide Dpydisulfide 
/ / \ \ 
:N T\J 
Figure 17. Chemical structure of 2,2'-dipyridyl analogs 
H I 
H 
XI 
I 
CN 
CN 
W 
d 
o 
H 
k 
id 
> 
44 
O 
to 
d) 
H 
4-> 
k 
tt) ft 
O 
k ft 
O 
H 
C 
o 
k 
•P 
U 
d) 
H 
tt) 
•§ 
cd 
k 
id 
H d 
u 
0) 
H 
o 
E 
H 
id 
o 
H 
k 
H 
! 
•H I 
CO 
X) 
d) « 
4J 01 
o o 
d) H H 2 
tt) c 
to "d 
d) 
H 
XI 
id 
E-i 
f£ 
2 
ft 
2 
g 
1 
S 
if 
1 
s 
1 
5 
Is 
93" 
{s 
? 
g 
s 
. 
9 
K 
9 
S 
9 
L-
S 
° 
2 
9 
S 
~ 
: 
0 
-
s 
-
2 
-
2 
9 
-
9 
o 
9 
? 
S 
° 
2 
9 
~ 
i 
«. 
% 
a 
2 
S 
% 
9 
~ 
9 
° 
S 
2 
9 
8 
° 
0 
S 
-
S 
~ 
S 
s 
. 
9 
S 
9 
o 
9 
S 
° 
S 
9 
S 
n 
5 
« 
3 
8 
2 
o 
9 
S 
9 
o 
9 
% 
9 
3 
° 
o 
9 
o 
° 
3 
1 
a . 
s 
m 
s 
« 
s 
9 
2 
~ 
9 
% 
9 
S 
° 
£ 
9 
8 
™ 
S 
-
-
s 
s 
2 
2 
9 
2 
9 
S 
9 
a 
9 
£ 
° 
2 
9 
"* 
3 
° 
8 
r . 
5 
?-K 
Ii 
2 u 
K 
Ii 
H 
: » 
i > -
t 
o 
9 
« 
° 
8 
% 
| 
S 
9 
9 
° 
, n 
9 
8 
% 
f 
2 
? 
9 
9 
9 
^ 
9 
8 
Z 
f 
5 
° 
9 
o 
9 
9 
.„ 
9 
§ 
S 
* 
S 
*!• 
9 
•» 
9 
* 
S 
s 
3 
8 
o 
° 
9 
9 
-
9 
8 
% 
f 
2 
9 
o 
° 
9 
9 
o 
9 
5 
8 
% 
•§ 
, . = - 1 -. - ; g 
I X l ~ t \ l C 4 4 N I - » t a O 
132 
tt) 
H 
•8 
4J 
c 
H 
to 
id 
d) 
x: 
44 
d) 
k 
id 
to 
c 
o 
H 
4-> 
Id 
H 
> 
tt) 
k 
X3 
id 
tt) 
4-> 
O 
Z 
133 
pole orientation changed in Dpy in comparison to Oph (Fig. 18). 
In comparison to Oph, the above mentioned quantitative 
changes were accompanied in Dpy by: (a) the disappearance of the 
positive charge binding volume (ie. volumes of the negative 
electrostatic potential energy field) at position 3-3' of the Dpy 
molecule and (b) loss of the positive charge repelling volume 
(ie. volume of the positive electrostatic potential energy field, 
which repulses positive charge and attracts negative ones) at 
position 3 and 3' of Dpy macrocycle (Fig.18 and Table 8). 
Structure-function study of the effect of 2,2'-dipyridyl on green 
johnsongrass a DMV/LMV plant species 
In cucumber a DDV/LDV plant species, Dpy acted as (a) an 
enhancer of MV-MPE formation (b) an inducer of DV-MPE formation, 
and (c) as an inhibitor of MV and DV-Pchlide formation. 
Photodynamic damage was highly correlated with the accumulation 
of both MV and DV-MPE (Montazer-Zohour, 1988). 
In soybean, a DMV/LDV plant species, Dpy acted as an inducer 
of Proto, MV-MPE and DV-MPE formation and caused accumulation of 
Chlide a and pheophorbide a. There was a significant correlation 
between photodynamic damage and the accumulation of Proto, MV-MPE 
, DV-MPE and pheophorbide a (Montazer-Zohour, 1988). 
In johnsongrass, a DMV/LMV plant species, Dpy induced Proto 
and MV-MPE formation. This modulator also acted as an enhancer of 
DV-MPE formation. No Chlide a accumulation was observed with Dpy 
134 
Figure 18. Electrostatic potential maps of 2,2'-dipyridyl 
analogs showing the distribution of negative (blue) and 
positive (red) electrostatic isopotential contours at an 
energy level of 10 Kcal/mole. The electrostatic isopotential 
contour lines were calculated by the interaction of the atoms 
in each molecule with a positive unit charge probe. Each 
structure was optimized via MOPAC before calculating its 
molecular electrostatic potentials, a = 2,2'-dipyridyl; b = 
2,3'-dipyridyl; c = 2,4'-dipyridyl 
a 135 
L:£p*fe* 
136 
Figure 18. (cont.) 
d = 4,4'-dipyridyl; e = 2,2'-dipyridyl amine; f= 2,2'-
dipyridyl disulfide 
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treatment but there was some pheophorbide a accumulation. 
Photodynamic damage correlated with MV and DV-MPE accumulation 
and with pheophorbide accumulation (Table 9). 
Comparison of the modulating effect of 2,2'-dipyridyl on the 
three abovementioned plant species showed that, there were some 
similarities and some differences between the responses of 
cucumber, soybean and johnsongrass to this modulator. In both 
johnsongrass and soybean, Dpy induced Proto and MV-MPE formation. 
In cucumber no Proto induction was observed and MV-MPE 
enhancement instead of induction was observed. DPY also induced 
the formation of DV-MPE in both soybean and cucumber, whereas in 
johnsongrass DV-MPE enhancement was observed. In both cucumber 
and johnsongrass Dpy inhibited the formation of MV-Pchlide and 
DV-Pchlide while in soybean it did not have any effect on the 
formation of these tetrapyrroles. Comparison of photodynamic 
damage in the three plant species showed that the most 
susceptible plant to Dpy treatment in the absence of ALA was 
soybean. Cucumber did not exhibit any photodynamic response to 
2,2'-dipyridyl treatment but significant damage was observed when 
this modulator was sprayed jointly with ALA (Montazer-Zohour, 
1988). On the other hand johnsongrass showed a medium 
susceptibility to Dpy treatment in comparison to cucumber and 
soybean. 
In comparison to Oph, in Dpy-treated johnsongrass seedlings 
induction of Proto and MV-MPE formation was maintained. In Oph-
treated johnsongrass seedlings DV-MPE formation was induced, 
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whereas in Dpy-treated seedlings formation of this tetrapyrrole 
was enhanced. In both treatments MV-Pchlide formation was 
inhibited. Both pheophorbide a and Chlide a accumulation were 
induced by Oph but Dpy only caused accumulation of pheophorbide 
a. Photodynamic damage in Oph-treated johnsongrass seedlings was 
more than in Dpy-treated plants. 
Fluorescence emission and excitation spectra in organic 
solvent at room temperature and in ether at 77°K of two of the 
treatments are shown in Figures 19 and 20 respectively. It is 
obvious that there was a substantial amounts of MPE and Pchlide 
accumulation. Some of the photographs taken 10 days after 
spraying are shown in Plate 9 and 10. Some recovery from 
photodynamic damage was observed in damaged plants. This recovery 
was mostly seen in the absence of added ALA. 
Structure-Function Study of the Effect of 2,3'-dipyridyl on green 
johnsongrass seedlings, a DMV/LMV plant species 
2,3'-dipyridyl (23 Dpy) is a geometrical isomer of 2,2'-
dipyridyl. It differs chemically from DPY only in one respect: 
the two rings are linked at the 2 and 3' positions (Fig. 17). 
This chemical difference caused some changes in the electronic 
properties of the molecule and in its biological activity. The 
dipole moment shifted by about 35° toward position 21 (Fig. 18). 
The Van der Waals volume increased slightly in comparison to Dpy 
(Table 7). Only one of the quantum mechanics parameters, namely 
the SDWRLUMO (i.e. electron density in the orbitals next to the 
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Figure 19. Fluorescence emission (A) and excitation (B) spectra in 
organic solvent at room temperature of control and ALA + 2,2'-
dipyridyl treated johnsongrass seedlings. The emission spectra were 
elicited by excitation at 420 nm. The excitation spectra were 
recorded at emission wavelegth of 674 nm. Peaks at 414 and 432 nm 
in the excitation spectra represent fluorescence excitation peaks 
of pheophorbide a and Chlide a respectively. Peaks at 591,637,640 
and 674 nm in emission spectra represent fluorescence emitted by 
MPE, Proto, Pchlide and Chlide a respectively. (-^ --) = control 
( ) = treated 
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Figure 20. Fluorescence emission (A) and excitation (B) spectra in 
ether at 77K of control and ALA + 2,2'-dipyridyl teated 
johnsongrass plants. The emission spectra were elicited by 
excitation at 420 nm. The excitation spectra were recorded at 
emission wavelength of 625 nm. Peaks at 589, 625, 674 on emission 
spectra represent fluorescence emitted by MPE, Pchlide and Chlide 
respectively. ( ) = control (——-) = treated 
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Plate 9. Photodynamic damage in green johnsongrass 
seedlings sprayed with 2,2'-dipyridyl in the presence and 
absence of exogenous ALA, the first day after exposure to 
light. Top-left = solvent only; top-right = 5 mM ALA; 
bottom-left = 10 mM modulator; bottom-right = 5 mM ALA + 
10 mM modulator. 
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Plate 9. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom-right = 
5 mM ALA + 30 mM modulator. 
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Plate 10. Photodynamic damage in green johnsongrass 
seedlings sprayed with 2,2'-dipyridyl in the presence and 
absence of exogenous ALA, 10 days after exposure to 
light. Top-left = solvent only; top-right = 5 mM ALA; 
bottom-left = 10 mM modulator; bottom-right = 5 mM ALA + 
10 mM modulator. 
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Plate 10. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom- right = 
5 mM ALA + 30 mM modulator. 
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lowest unoccupied orbitals) values changed drastically and 
decreased from 1.49 in Dpy to -13.14 in 23 Dpy. In comparison to 
Dpy both the negative and positive electrostatic volumes 
decreased in 23 Dpy (Table 7). The net charges at different 
positions of the molecule also changed. The net charge at 
position 1 decreased from -0.18 in Dpy to 0.09 in 23 Dpy and at 
position 2 it increased from 0.05 in Dpy to -0.24 in 23 Dpy; at 
position 3 it decreased from -0.11 in Dpy to 0.06 in 23 Dpy and 
at position 5 it decreased from -0.10 in Dpy to 0.02 in 23 Dpy. 
The aforementioned quantitative changes were accompanied by 
some changes in the shape and position of the electrostatic 
fields surrounding the molecule (Fig. 18). Calculation of 
exclusive positive charge attracting and repelling electrostatic 
volumes revealed a shift in positive charge binding volume from 
position 2' toward position 1' of 23 Dpy. This was expressed by a 
decrease in positive charge binding volume at position 1-2' and 
an almost equivalent increase in positive charge repelling volume 
at position 2'-3' of the molecule. A big increase in positive 
charge binding volume at position 2'-5' was accompanied by a 
small decrease in positive charge repelling electrostatic volumes 
at position l'-6'. Positive charge repelling electrostatic volume 
also increased at positions 3'-4' and 5'-6' and decreased at 
positions 3-4' and 5'-6 of the molecule (Table 8) 
In cucumber, a DDV/LDV plant species, 2,3'-dipyridyl acted 
as an inhibitor of MV-Pchlide formation. There was a 
correlation between this inhibition and photodynamic damage 
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(Montazer-Zohour, 1988). 
In soybean, a DMV/LDV plant species, 2,3'-dipyridyl acted 
as an enhancer of MV and DV-Pchlide formation. There was no 
significant correlation between accumulation of Pchlide and 
photodynamic damage (montazer-Zohour, 1988). 
In johnsongrass, a DMV/LMV plant species, 2,3'-dipyridyl 
affected the accumulation of several tetrapyrroles. It acted as 
a weak inducer of Proto formation and an enhancer of DV-MPE and 
DV-Pchlide formation. A very significant correlation was found 
between accumulation of these tetrapyrroles and photodynamic 
damage. MV-Pchlide formation was inhibited by this modulator. 
In johnsongrass 2,3'-dipyridyl also caused the accumulation of 
Chlide a and pheophorbide a. The correlation between these two 
Chi degradation products and photodynamic damage was high 
(Table 10). 
Comparison of photodynamic damage caused by this modulator 
on the three plant species under consideration revealed that 
the modulator alone did not cause any damage to cucumber and 
this plant species was less susceptible to this modulator than 
soybean (Montazer-Zohour, 1988) and johnsongrass. The 
tetrapyrrole modulating effects of 23 Dpy on johnsongrass 
(DMV/LMV) was different from both cucumber (DDV/LDV) and 
soybean (DMV/LDV). However in both cucumber and johnsongrass 
inhibition of MV-Pchlide formation was observed, while 
induction of Proto, enhancement of DV-MPE, DV-Pchlide and 
formation of Chlide a and pheophorbide a were only observed in 
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johnsongrass. In both johnsongrass and soybean formation of DV-
Pchlide was enhanced. Furthermore enhancement of MV-Pchlide 
formation in soybean became an inhibition in johnsongrass 
plants. Also treatment with 23 Dpy caused the accumulation of 
Chlide a in johnsongrass but not in soybean. 
In comparison to Dpy, treatment with 23 Dpy resulted in two 
major differences in tetrapyrrole accumulation: (a) loss of 
induction of MV-MPE formation and (b) enhancement of DV-
Pchlide formation. 
Fluorescence emission and excitation spectra in organic 
solvent at room temperature in ether at 77°K of two of the 
treatments are shown in Figures 21 and 22 respectively. A small 
amounts of MPE accumulation and a substantial increase in 
Pchlide accumulation are obvious. Some of the photographs taken 
10 days after spraying are shown in Plate 11 and 12. There was 
some growth in undamaged leaves and some recovery from 
photodynamic damage in damaged leaves. 
Structure-Function Study of the Effect of 2,4'-dipyridyl on 
Green Johnsongrass seedlings a DMV/LMV Plant Species 
2,4'-dipyridyl (24 Dpy) is another geometrical isomer of 
Dpy. It differs chemically from Dpy only in one respect: the 
two rings are linked at the 2 and 4' positions (Fig. 17). Since 
N is highly nucleophilic, this isomerism shifted the 
orientation of the dipole moment by about 90° toward position 
580 600 650 700 380 400 450 500 
Emission Wavelength Excitation Wavelength 
Figure 21. Fluorescence emission (A) and excitation (B) spectra in 
organic solvent at room temperature of control and ALA + 2,3'-
dipyridyl treated johnsongrass seedlings. The emission spectra were 
elicited by excitation at 400 nm. The excitation spectra were 
recorded at emission wavelegth of 674 nm. Peaks at 414 and 432 nm 
in the excitation spectra represent fluorescence excitation peaks 
of pheophorbide a and Chlide a respectively. Peaks at 591,637,640 
and 674 nm in emission spectra represent fluorescence emitted by 
MPE, Proto, Pchlide and Chlide a respectively. (—•—«-) = control 
( ) = treated 
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Figure 22. Fluorescence emission (A) and excitation (B) spectra in 
ether at 77K of control and ALA + 2,3'-dipyridyl teated 
johnsongrass plants. The emission spectra were elicited by 
excitation at 420 nm. The excitation spectra were recorded at 
emission wavelength of 625 nm. Peaks at 589, 625, 674 on emission 
spectra represent fluorescence emitted by MPE, Pchlide and Chlide 
respectively. ( ) = control {-*-—-) = treated 
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Plate 11. Photodynamic damage in green johnsongrass 
seedlings sprayed with 2,3'-dipyridyl in the presence and 
absence of exogenous ALA, the first day after exposure to 
light. Top-left = solvent only; top-right = 5 mM ALA; 
bottom-left = 10 mM modulator; bottom-right = 5 mM ALA + 
10 mM modulator. 
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Plate 11. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom-right = 
5 mM ALA + 30 mM modulator. 
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Plate 12. Photodynamic damage in green johnsongrass 
seedlings sprayed with 2,3'-dipyridyl in the presence and 
absence of exogenous ALA, 10 days after exposure to 
light. Top-left = solvent only; top-right = 5 mM ALA; 
bottom-left = 10 mM modulator; bottom-right = 5 mM ALA + 
10 mM modulator. 
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Plate 12. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom- right = 
5 mM ALA + 30 mM modulator. 
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1' of the macrocycle (Fig. 18). This in turn caused some 
changes in the electronic properties of molecule and its 
biological activity. The Van der Waals volume was not affected 
by this chemical changes (Table 7). However the SDWRLUMO value 
changed from 1.49 in Dpy to -0.49 in 24 Dpy. Other quantum 
mechanical parameters of this molecule remained unchanged in 
comparison to Dpy. In comparison to DPY the net charge at 
position 10 of 24 Dpy decreased while it increased at positions 
1 and 8 (Table 7). The negative electrostatic volume decreased 
from 111.00 in Dpy to 100.64 in 24 Dpy. 
The aforementioned quantitative changes were accompanied by 
changes in the shape and position of electrostatic fields 
surrounding the molecule (Fig. 18). Calculation of exclusive 
positive charge binding and repelling electrostatic volumes 
revealed that in comparison to Dpy a decrease in positive 
charge binding volumes occurred at position 1-2'. This decrease 
was accompanied by an almost equivalent increase in positive 
charge binding volume at position 2'-6'. The positive charge 
repelling volume shifted from position 1' to position 3' (Table 
8). 
In cucumber, a DDV/LDV plant species, 24 Dpy acted as an 
inhibitor of MV and DV-Pchlide formation. There was a 
significant correlation between inhibition of these 
tetrapyrroles and photodynamic damage. No pheophorbide a 
accumulated in cucumber cotyledons treated with 24 Dpy 
(Montazer-Zohour, 1988). 
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In soybean, a DMV/LDV plant species, at higher 
concentrations, 24 Dpy acted as an inhibitor of MV-Pchlide 
formation and as an enhancer of DV-Pchlide formation. This 
modulator also enhanced Chlide a accumulation and triggered the 
accumulation of Pheophorbide a. Significant correlations were 
observed between the accumulation of Chlide a and pheophorbide 
a and photodynamic damage (Montazer-Zohour, 1988). 
In johnsongrass, a DMV/LMV plant species, 24 Dpy acted as 
an enhancer of Proto, and DV-MPE formation. It also inhibited 
MV-Pchlide formation and enhanced DV-Pchlide formation. Some 
pheophorbide a accumulation was observed at the highest 
concentration of 24 Dpy. Chlide a did accumulate however. 
Photodynamic damage correlated with DV-MPE, MV-Pchlide, DV-
Pchlide and Chlide a accumulation (Table 11). 
Comparison of the tetrapyrrole modulating effect of 24 Dpy 
on the 3 aforementioned plant species showed that, inhibition 
of MV-Pchlide formation occurred in all three plant species. 
Chlide a and DV-Pchlide formation was enhanced in both soybean 
and johnsongrass. 24Dpy exhibited two additional modulating 
effects on johnsongrass, namely: enhancement of Proto and DV-
MPE formation. Cucumber was not very susceptible toward this 
modulator, whereas soybean and johnsongrass exhibited the same 
level of susceptibility and were more susceptible than 
cucumber. 
In comparison to Dpy, treatment of johnsongrass seedlings 
with 24 Dpy resulted in the maintenance of Proto enhancement, 
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maintenance of DV-MPE enhancement and maintenance of MV-Pchlide 
inhibition. This was accompanied by the establishment of DV-
Pchlide enhancement and the accumulation of Chlide a. 
Fluorescence emission and excitation spectra in organic 
solvent at room temperature and in ether at 77°K of two of the 
treatments are shown in Figures 23 and 24 respectively. Pchlide 
and MPE accumulation is obvious. Some of the photographs taken 
10 days after spraying are shown in Plate 13 and 14. Ten days 
after spraying, some foliage recovery from photodynamic damage 
was observed. 
Structure-Function Study of the Effect of 4,4'-Dipyridyl on 
Green Johnsongrass Seedlings a DMV/LMV Plant Species 
4,4'-dipyridyl (44 Dpy) is a geometrical isomer of Dpy. It 
differs chemically from 2,2'-dipyridyl by the position of the 
linkage between two rings. In 44 Dpy the two rings are linked 
at positions 4 and 4' of the macrocycle (Fig. 17). It caused a 
shift of the dipole moment by about 90° to become perpendicular 
to the plane of the molecule. Furthermore it decreased from 
2.73 in Dpy to 0.10 in 44 Dpy. This was accompanied by changes 
in the electronic properties of the molecule and its biological 
activity. As shown in Table 7 , the Van der Waals volume of 44 
Dpy increased slightly in comparison to Dpy. The SDLUMO value 
(electron density in the lowest unoccupied molecular orbital) 
increased from -0.13 in Dpy to -0.29 in 44 Dpy and that of 
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Figure 23. Fluorescence emission (A) and excitation (B) spectra in 
organic solvent at room temperature .of control and ALA + 2,4'-
dipyridyl treated johnsongrass seedlings. The emission spectra were 
elicited by excitation at 420 nm. The excitation spectra were 
recorded at emission wave leg th of 674 nm. Peaks at 414 and 432 nm 
in the excitation spectra represent fluorescence excitation peaks 
of pheophorbide a and Chlide a respectively. Peaks at 591,637,640 
and 674 nm in emission spectra represent fluorescence emitted by 
MPE, Proto, Pchlide and Chlide a respectively. (—-) = control 
( ) = treated 
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Figure 24. Fluorescence emission (A) and excitation (B) spectra in 
ether at 77K of control and ALA + 2,4'-dipyridyl teated 
johnsongrass plants. The emission spectra were elicited by 
excitation at 420 nm. The excitation spectra were recorded at 
emission wavelength of 625 nm. Peaks at 589, 625, 674 on emission 
spectra represent fluorescence emitted by MPE, Pchlide and Chlide 
respectively. ( ) = control (-*——) = treated 
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Plate 13. Photodynamic damage in green johnsongrass 
seedlings sprayed with 2,4'-dipyridyl in the presence and 
absence of exogenous ALA, the first day after exposure to 
light. Top-left = solvent only; top-right = 5 mM ALA; 
bottom-left = 10 mM modulator; bottom-right = 5 mM ALA + 
10 mM modulator. 
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Plate 13. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom-right = 
5 mM ALA + 30 mM modulator. 
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Plate 14. Photodynamic damage in green johnsongrass 
seedlings sprayed with 2,4'-dipyridyl in the presence and 
absence of exogenous ALA, 10 days after exposure to 
light. Top-left = solvent only; top-right = 5 mM ALA; 
bottom-left = 10 mM modulator; bottom-right = 5 mM ALA + 
10 mM modulator. 
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Plate 14. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom- right = 
5 mM ALA + 30 mM modulator. 
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SDWRLUMO increased from 1.49 to -2.05. The positive charge 
binding electrostatic volume changed from 111.00 in Dpy to 
94.72 in 44 Dpy. The dipole moment also decreased from 2.73 in 
Dpy to 0.10 in 44 Dpy. The net charge decreased at position 1 
and 10 and increased at position 3. 
The aforementioned quantitative changes were accompanied by 
changes in the shape and position of the electrostatic fields 
surrounding the molecule (Fig. 18). Calculation of exclusive 
positive charge attracting and repelling electrostatic volumes 
revealed that, in comparison to Dpy, a shift in positive charge 
binding volumes from position 2-2' to position 2'-5 and 2-6 
took place. This was expressed by a decrease in positive charge 
binding volume of 37A3 at position C2-C2' of 44 Dpy which was 
accompanied by increases in positive charge binding volume of 
18A3 and 23 A3 at positions C2-C6 and C2'-C5 respectively. The 
positive charge repelling volume remained essentially unchanged 
(Table 8). 
In cucumber, a DDV/LDV plant species, 44 Dpy acted as an 
enhancer of DV-Pchlide formation. This modulator did not affect 
the accumulation of any other tetrapyrroles. No correlation was 
observed between photodynamic damage and the accumulation of 
DV-Pchlide (Montazer-Zohour, 1988). 
In soybean, a DMV/LDV plant species, 44 Dpy acted as an 
inhibitor of MV-Pchlide formation. This was accompanied by 
enhanced formation of DV-Pchlide. There was a significant 
correlation between photodynamic damage and the accumulation of 
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DV-Pchlide (Montazer-Zohour, 1988). 
In johnsongrass, a DMV/LMV plant species, 44 dPY acted as 
an enhancer of DV-MPE and DV-Pchlide formation. It also 
inhibited the formation of MV-Pchlide. No Chlide a and 
pheophorbide a accumulation were observed (Table 12). 
Photodynamic damage same and beyond the ALA treatment was minor 
and correlated with MPE and Pchlide formation. 
In all three plant species, this modulator enhanced DV-
Pchlide formation. Similar inhibitory effects on MV-Pchlide 
formation were also observed in soybean and johnsongrass. DV-
MPE was enhanced by 4,4' -dipyridyl in johnsongrass. 
Johnsongrass was less susceptible to 44 Dpy than soybean. 
In comparison to Dpy, 44 Dpy treated johnsongrass seedlings 
maintained the enhancement of DV-MPE. Also the inhibition of 
MV-Pchlide formation and enhancement of Chlide a formation were 
maintained. A unique effect of 44 Dpy on johnsongrass was the 
enhancement of DV-Pchlide formation. 4,4'-Dipyridyl did not 
induce Proto and MV-MPE formation in johnsongrass. 
Fluorescence emission and excitation spectra in organic 
solvent at room temperature and in ether at 77°K of two 
treatments are shown in Figures 25 and 26 respectively. The 
accumulation of Pchlide is quite obvious. Some of the 
photographs taken 10 days after spraying are shown in Plates 15 
and 16. after 10 days recovery from photodynamic damage was 
observed. 
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Figure 25. Fluorescence emission (A) and excitation (B) spectra in 
organic solvent at room temperature of control and ALA + 4,4'-
dipyridyl treated johnsongrass seedlings. The emission spectra were 
elicited by excitation at 440 nm. The excitation spectra were 
recorded at emission wavelegth of 674 nm. Peaks at 414 and 432 nm 
in the excitation spectra represent fluorescence excitation peaks 
of pheophorbide a and Chlide a respectively. Peaks at 591,637,640 
and 674 nm in emission spectra represent fluorescence emitted by 
MPE, Proto, Pchlide and Chlide a respectively. (—---) = control 
( ) = treated 
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Figure 26. Fluorescence emission (A) and excitation (B) spectra 
in ether at 77K of control and ALA + 4,4'-dipyridyl teated 
johnsongrass plants. The emission spectra were elicited by 
excitation at 420 nm. The excitation spectra were recorded at 
emission wavelength of 625 nm. Peaks at 589, 625, 67 4 on emission 
spectra represent fluorescence emitted by MPE, Pchlide and Chlide 
respectively. ( ) = control (—-—-) = treated 
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Plate 15. Photodynamic damage in green johnsongrass 
seedlings sprayed with 4,4'-dipyridyl in the presence and 
absence of exogenous ALA, the first day after exposure to 
light. Top-left = solvent only; top-right = 5 mM ALA; 
bottom-left = 10 mM modulator; bottom-right = 5 mM ALA + 
10 mM modulator. 
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Plate 15. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom-right = 
5 mM ALA + 30 mM modulator. 
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Plate 16. Photodynamic damage in green johnsongrass 
seedlings sprayed with 4,4'-dipyridyl in the presence and 
absence of exogenous ALA, 10 days after exposure to 
light. Top-left = solvent only; top-right = 5 mM ALA; 
bottom-left = 10 mM modulator; bottom-right = 5 mM ALA + 
10 mM modulator. 
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Plate 16. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom- right = 
5 mM ALA + 30 mM modulator. 
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Structure-Function Study of the effect of 2,2'-Dipyridyl Amine 
on Johnsongrass Seedlings a DMV/LMV Plant Species 
2,2'-dipyridyl amine (Dpy amine) is an analog of Dpy which 
has an amine group. This group connects the two pyridine rings 
at position C2 and C2' (Fig. 17). This chemical difference 
caused changes in the electronic properties of molecule and its 
biological activity. The amine group caused an increase in the 
Van der Waals volume in comparison to Dpy (Table 7). The SDLUMO 
value increased from -0.13 in Dpy to -0.50 in Dpy amine. On the 
other hand the SDWRLUMO value decreased from 1.49 in Dpy to-
1.03 in Dpy amine. The total positive charge binding 
electrostatic volume, increased from 111.00 in Dpy to 130.23 in 
Dpy amine, but no difference was seen in the positive charge 
repelling electrostatic volume in comparison to Dpy. The 
direction of the dipole moment remained unchanged but its value 
increased slightly (Fig.18, Table 7). The net charges at 
position 1 and increased. This was due to the negative charge 
on the extra nitrogen atom at position 13. 
The aforementioned quantitative changes were accompanied by 
some changes in the shape and position of the electrostatic 
fields round the molecule (Fig. 18). Calculation of exclusive 
positive charge attracting and repelling electrostatic volumes 
exhibited significant differences between Dpy and Dpy amine. In 
comparison to Dpy, an increase in positive charge attracting 
volume was observed at position l'-4' and 2-4' of Dpy amine. 
Positive charge repelling volumes also increased at the 
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positions l'-7, 3-4 and 3-3' and decreased at the position 6' 
and 5'-6' of Dpy amine (Table 8). 
In cucumber, a DDV/LDV plant species, Dpy amine caused 
enhancement of both MV and DV-Pchlide formation. A significant 
correlation was found between the accumulation of these 
tetrapyrrole and photodynamic damage. No pheophorbide a 
accumulation was observed (Montazer-Zohour, 1988). 
In soybean, a DMV/LDV plant species, Dpy amine inhibited 
MV-Pchlide formation. No pheophorbide a and Chlide a 
ccumulation were observed. Photodynamic damage was very minimal 
(Montazer-Zohour, 1988). 
In johnsongrass, a DMV/LMV plant species, Dpy amine acted 
as an enhancer of DV-MPE, MV-Pchlide and DV-Pchlide formation. 
A very significant correlation was observed between 
accumulation of these tetrapyrroles and photodynamic damage. 
Some Chlide a but no pheophorbide a accumulation were observed 
(Table 13). 
In both cucumber and johnsongrass MV and DV-Pchlide 
formation was enhanced. Furthermore DV-MPE formation was 
enhanced by Dpy amine in johnsongrass. Johnsongrass was more 
susceptible to Dpy amine than either cucumber or soybean. 
No Proto and MV-MPE accumulation was observed in seedlings 
treated with Dpy amine. Enhancement of DV-MPE formation by Dpy 
was maintained in Dpy amine treated plants. While in Dpy-
treated plants pheophorbide a and no Chlide a accumulation was 
observed, in Dpy amine-treated johnsongrass only Chlide a 
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accumulation was observed; no pheophorbide was formed. The 
inhibitory effect of Dpy on the formation of MV and DV-Pchlide 
in johnsongrass changed to an enhancing effect in Dpy amine. 
Fluorescence emission and excitation spectra in organic 
solvent at room temperature and in ether at 77°K of two of the 
treatments are shown in Figures 27 and 28 respectively. The 
substantial accumulation of Pchlide is quite obvious. Some of 
the photographs taken 10 days after spraying are shown in 
Plate 17 and 18. Ten days after spraying a good growth rate was 
observed in undamaged leaves as well as some recovery of 
damaged leaves. 
Structure-Function Study of the Effect of 2,2"-Dipyridyl 
Disulfide on Green Johnsongrass Seedlings a DMV/LMV Plant 
Species 
2,2'-dipyridyl disulfide (Dpy disulfide) is another analog 
of Dpy which contains two sulfur atoms. The sulfur atoms 
connect the two pyridine rings at position 2 and 2' (Fig. 17). 
This chemical differences between Dpy and Dpy disulfide 
resulted in some changes in the electronic properties of the 
molecule and its biological activity. As shown in Table 7, the 
two S atoms caused a large increase in the Van der Waals volume 
of Dpy disulfide. Slight changes were observed in some of the 
quantum mechanical parameters. The SDWRLUMO value, decreased 
from 1.49 in Dpy to -0.63 in Dpy disulfide. Both negative and 
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Figure 27. Fluorescence emission (A) and excitation (B) spectra in 
organic solvent at room temperature of control and ALA + dipyridyl 
amine treated johnsongrass seedlings. The emission spectra were 
elicited by excitation at 420 nm. The excitation spectra were 
recorded at emission wavelegth of 674 nm. Peaks at 414 and 432 nm 
in the excitation spectra represent fluorescence excitation peaks 
of pheophorbide a and Chlide a respectively. Peaks at 591,637,640 
and 674 nm in emission spectra represent fluorescence emitted by 
MPE, Proto, Pchlide and Chlide a respectively. (—--) = control 
( ) = treated 
182 
530 600 650 700 380 400 450 500 
Emission Wavelength Excitation Wavelength 
Figure 28. Fluorescence emission (A) and excitation (B) spectra 
in ether at 77R- of control and ALA + dipyridyl amine treated 
johnsongrass plants.. The emission spectra were elicited by 
excitation at 420 nm. The excitation spectra were recorded at 
emission wavelength of 625 nm. Peaks at 589, 625, 674 on emission 
spectra represent fluorescence emitted by MPE, Pchlide and Chlide 
respectively. ( ) = control (—*—-) = treated 
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Plate 17. Photodynamic damage in green johnsongrass 
seedlings sprayed with dipyridyl amine in the presence 
and absence of exogenous ALA, the first day after 
exposure to light. Top-left = solvent only; top-right = 5 
mM ALA; bottom-left = 10 mM modulator; bottom-right = 5 
mM ALA + 10 mM modulator. 
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Plate 17. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom-right = 
5 mM ALA + 30 mM modulator. 
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Plate 18. Photodynamic damage in green johnsongrass 
seedlings sprayed with dipyridyl amine in the presence 
and absence of exogenous ALA, 10 days after exposure to 
light. Top-left = solvent only; top-right = 5 mM ALA; 
bottom-left = 10 mM modulator; bottom-right = 5 mM ALA + 
10 mM modulator. 
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Plate 18. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom- right = 
5 mM ALA + 30 mM modulator. 
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positive electrostatic field and positive steric probe values 
increased in Dpy disulfide in comparison to Dpy. The dipole 
moment doubled in value. The orientation of the nucleophilic 
pole did not change, however (Fig. 18). Net charges at 
different positions of DPY disulfide remained the same as in 
Dpy (Table 7). 
The above mentioned quantitative changes were accompanied 
by some changes in the shape and position of the electronic 
fields surrounding the molecule (Fig. 18). Positive charge 
binding volumes increased substantially at position 2'-6' and 
6'-7' of Dpy disulfide. This increase was accompanied by nearly 
equivalent decreases in positive charge binding volume at 
position l'-4', 2-2' and 7'-7. An increase of 4A°3 in positive 
charge repelling volume was also observed at position 6'and 7-
7' of Dpy disulfide (Table 8). 
In cucumber, a DDV/LDV plant species, Dpy disulfide acted 
as an enhancer of Proto and MV-Pchlide formation (Montazer-
Zohour, 1988). 
In soybean, a DMV/LDV plant species, Dpy disulfide also 
acted as an enhancer of MV and DV-Pchlide formation. The 
accumulation of Chlide a and pheophorbide a was also observed. 
A significant correlation was found between the accumulation of 
MV-Pchlide and photodynamic damage (Montazer-Zohour, 1988). 
In johnsongrass, a DMV/LMV plant species, Dpy disulfide 
acted as an enhancer of DV-MPE. Accumulation of this 
tetrapyrrole was significantly correlated with photodynamic 
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damage. MV and DV-Pchlide formation was inhibited. Some 
pheophorbide a accumulation was observed (Table 14). 
Enhancement of MV-Pchlide formation was observed in both 
cucumber and soybean. No similarity in response was observed 
between cucumber and johnsongrass or between soybean and 
johnsongrass. Johnsongrass and cucumber exhibited similar 
susceptibilities; soybean was less susceptible. 
In johnsongrass, in comparison to Dpy, DPY disulfide 
maintained the enhancement of DV-MPE formation. Inhibition of 
MV-Pchlide and DV-Pchlide formation was also maintained. Both 
DPY and Dpy disulfide caused accumulation of pheophorbide a but 
not of Chlide a. Dpy disulfide did not affect the formation of 
Proto and MV-MPE. 
Fluorescence emission and excitation spectra in organic 
solvent at room temperature in ether at 77°K of two of the 
treatments are shown in Figures 29 and 30 respectively. Pchlide 
and MPE accumulation are depicted. Photographs showing 
photodynamic damage, taken 10 days after spraying are shown in 
Plate 19 and 20. Some recovery from photodynamic damage was 
observed. 
Relationship Between Photodynamic Damage in Green Johnsongrass 
Seedlings and Various Molecular Descriptors of 2,2'-Dipyridyl 
and its Analogs. 
As was described earlier in this chapter, various 
geometrical isomers and analogs of Dpy caused pronounced 
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Figure 29. Fluorescence emission (A) and excitation (B) spectra in 
organic solvent at room temperature of control and ALA + dipyridyl 
disulfide treated johnsongrass seedlings. The emission spectra were 
elicited by excitation at 420 nm. The excitation spectra were 
recorded at emission wavelegth of 674 nm. Peaks at 414 and 432 nm 
in the excitation spectra represent fluorescence excitation peaks 
of pheophorbide a and Chlide a respectively. Peaks at 591,637,640 
and 674 nm in emission spectra represent fluorescence emitted by 
MPE, Proto, Pchlide and Chlide a respectively. (— •—) = control 
( ) = treated 
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Figure 30. Fluorescence emission (A) and excitation (B) spectra 
in ether at 77K of control and ALA + dipyridyl disulfide treated 
johnsongrass plants. The emission spectra were elicited by 
excitation at 420 nm. The excitation spectra were recorded at 
emission wavelength of 625 nm. Peaks at 589, 625, 674 on emission 
spectra represent fluorescence emitted by MPE, Pchlide and Chlide 
respectively. ( ) = control (——--) = treated 
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Plate 19. Photodynamic 
seedlings sprayed with 
presence and absence of 
after exposure to light. 
damage in green johnsongrass 
dipyridyl disulfide in the 
exogenous ALA, the first day 
Top-left = solvent only; top-
right = 5 mM ALA; bottom-left = 10 mM modulator; bottom-
right = 5 mM ALA + 10 mM modulator. 
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Plate 19. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom-right = 
5 mM ALA + 30 mM modulator. 
194 
v 
*v. i 
* 
' v ^ 
* 
a . . 
Wj" 
,-
f 
t 
if 
J t t * 
Plate 20. Photodynamic damage in green johnsongrass 
seedlings sprayed with dipyridyl disulfide in the 
presence and absence of exogenous ALA, 10 days after 
exposure to light. Top-left = solvent only; top-right = 5 
mM ALA; bottom-left = 10 mM modulator; bottom-right = 5 
mM ALA + 10 mM modulator. 
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Plate 20. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom- right = 
5 mM ALA + 30 mM modulator. 
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modulations of the photodynamic herbicidal activity as ALA, and 
various modulators contributed singly and in combinations to 
photodynamic injury. In a first approach attempts were made to 
identify from among 16 physical-chemical properties, specific 
descriptors which may be correlated with observed responses 
related to photodynamic damage. The biological responses of 
interest were PDM and PDA+M. PDM refers to photodynamic damage 
when the modulator is applied alone, and PDA+M refers to 
photodynamic damage caused by 5 mM ALA in combination with 30 
mM modulator. The results of these QSAR calculations are 
presented in Table 7. 
In the case of PDM, the ChemX data reduction procedure 
(Chemstat) identified two descriptors which exhibited 
correlation at the 5% level with PDM, and showed no inter-
correlation among themselves. Further regression analysis 
indicated a significant linear relationship between PDM and the 
magnitude of the superdelacalizability of the lowest unoccupied 
molecular orbital (SDLUMO) which is described by: 
PDM = 150.64 (SDLUMO) + 69.64 [R2 = 0.80] 
In the case of PDA+M the data reduction also identified 2 
descriptors which correlated with PDA+M at the 1% and 10% 
levels and showed no inter-correlation among themselves. 
Further regression analysis with PDA+M, exhibited a significant 
correlation between PDA+M and negative energy steric probe 
volumes of the molecule. This relationship is described by: 
PDA+M = -10.13 (STRPVLC1) + 273.30 [R2 = 0.64] 
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E. Discussion 
In modulator treated plants not only anabolic tetrapyrroles 
(Chi biosynthesis intermediates) were formed. Formation of some 
catabolic tetrapyrroles (Chi degradation products) have also 
been observed. Accumulation of degradation intermediates such 
as Chlide a and pheophorbide a, in modulator treated cucumber 
plants, were demonstrated by Montazer-Zohour in 1988 and 
Nandihalli et al. in 1991. It has been found that catabolic 
tetrapyrroles such as Chlide a and pheophorbide a are able to 
act as herbicidal photodynamic sensitizers ((Nandihalli, et 
al., 1991). 
In this work it was shown that Chlide a and/or pheophorbide 
a did accumulate in johnsongrass seedlings sprayed with Dpy and 
some of its isomers and analogs and a significant correlation 
was observed between photodynamic damage and the accumulation 
of these tetrapyrroles. The treated seedlings also accumulated 
different anabolic tetrapyrroles such as Proto, MV and DV-MPE, 
MV and DV-Pchlide. In some cases there was a significant 
correlation between one or more of these tetrapyrroles and 
photodynamic damage. Relations between the physical chemical 
properties of the modulators and accumulated tetrapyrroles were 
investigated and some correlations were observed. Enhancement 
of MV-MPE formation, which was seen only in Dpy treated 
seedlings, appeared to be related to the SDWRLUMO values. 2,2'-
Dipyridyl had the lowest electron density in this orbital in 
comparison to its isomers and analogs. MV-Pchlide formation was 
198 
only enhanced in Dpy amine treated seedlings. Comparison of the 
physical-chemical properties of this modulator with five other 
analogs suggested that the formation of MV-Pchlide was related 
to the large negative electrostatic volume at position l'-4' 
and 2-4' of the molecule. Accumulation of this tetrapyrrole 
also appeared to be related to high superdelocalizability 
values (SDLUMO) of Dpy amine and its large net charge at 
position 1 and 10 (Table 7). 
The tetrapyrrole modulating effect of Dpy and its analogs 
on three plant species, representing the three natural greening 
groups were not identical. Although there were some similar 
effects on these three plant species, some unique responses 
were also seen. The two DMV plant species namely soybean and 
johnsongrass had more in common in their responses than 
cucumber which is a DDV plant species. Soybean and johnsongrass 
also exhibited similar susceptibilities toward almost all the 
modulators, and this susceptibility was more than the 
susceptibility of cucumber to the same modulators. 
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CHAPTER 4 
STRUCTURE-ACTIVITY STUDY OF THE HERBICIDAL PHOTODYNAMIC EFFECTS 
OF SOME PYRIDINE ANALOGS ON JOHNSONGRASS 
A. Introduction 
As was mentioned in Chapter 3 the first modulator which was 
used jointly with ALA for TDPH purposes was Dpy (Rebeiz, et al., 
1984). The successful synergestic use of ALA+DPY prompted a 
search for additional compounds that may affect the Chi 
biosynthetic pathway. In this undertaken Rebeiz and coworkers 
undertook a search of the literature for chemicals and 
biochemicals which have been known to affect, in a general way, 
Chi and Pchlide biosynthesis. That search identified a total of 
14 chemicals which had been implicated in one way or another in 
Chi, Pchlide and MPE formation. Four compounds (1,10-
phenanthroline, 2,pyridyl aldoxime, 2-pyridyl aldehyde and 
picolinic acid) had been described by Duggan and Gassman (1974) 
for their effects on the Chi biosynthetic pathway in etiolated 
seedlings of red kidney bean, corn and cucumber. 
A closer examination of the chemical structure of the various 
modulators revealed that they fell into two separate catagories: 
(a) those that were structurally related to half a tetrapyrrole 
molecule such as the dipyridyls (which have been covered in 
Chapter-3) and the phenanthrolines (which have been covered in 
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Chapter-2); and (b) those that were structurally related to one 
quadrant of a tetrapyrrole molecule, i.e. to an individual 
pyrrole, such as picolinic acid, nicotinic acid and substituted 
pyridyls. 
In this chapter the tetrapyrrole modulating activity of 
picolinic acid, pyridyl aldehyde, and pyridyl aldoxime (Fig. 31) 
on johnsongrass, a DMV/LMV plant species are investigated. All 
three modulators are analogs of pyridine. The photodynamic 
effects of these modulators on cucumber, a DDV/LDV plant species, 
corn, a monocot DMV/LDV plant species and soybean, a DMV/LDV 
plant species, have already been described (Montazer-Zohour,A. 
1988). However the electronic properties of these modulators were 
not investigated. In this chapter, an effort is made to relate 
the tetrapyrrole modulating activities of these tetrapyrroles to 
their physical-electronic properties. 
B. Experimental Strategy 
The experimental strategy of this chapter was the same as 
Chapter 2. 
C. Material and Methods 
All material used in this chapter were the same as Chapter-
2 except for the modulators. In these series of experiments three 
chemicals were used with and without ALA: picolinic acid,pyridyl-
2-aldehyde, and pyridyl-2-aldoxime were purchased from Sigma 
Chemical Co. (ST.Louis, MO.). 
201 
Growth conditions and techniques used in this chapter were 
exactly the same as Chapter 2. 
D. Results 
Comparison of the Physico Electrical Properties of Benzene and 
Pyridine 
Pyridine is an analog of benzene in which the carbon at 
position 1 of the molecule has been replaced by a nitrogen atom 
(Fig.31). This simple chemical difference causes some changes in 
the electronic properties of pyridine and its biological 
activity. Substitution of the carbon atom with a nitrogen atom 
created a nucleophilic pole at position 1 of the pyridine 
molecule. Since there is no nucleophilic pole in benzene, its 
dipole moment was zero. In pyridine the dipole moment increased 
to 1.96 (Table 15). The dipole moment is visualized as a vector 
lying in the middle of the ring, the positive end of which 
originates from vicinity of position 4 and the negative head of 
which points toward the N atom (Fig. 32). The net charge at 
position 1 increased from -0.06 in benzene to -0.23 in pyridine. 
As shown in Table 15 the Van der Waals volume of pyridine was 
nearly the same as that of benzene. Superdelocalizability (i.e. 
electron density) over most of the molecular orbitals of pyridine 
changed dramatically in comparison to benzene. SDWRHOMO 
(electron density with respect to the highest occupied molecular 
orbital) increased from 0.24 in benzene to 16.07 in pyridine, 
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Name Chemical structure 
Benzene 
Pyridine 
^ N 3 
% . 
N 
Picolinic acid 
CM 
2-Pyridyl aldehyde 
^ N 
H Vi 
2-Pyridyl aldoxime 
^ ^ 
% 
N—0 
N 
Figure 31. Chemical structure of pyridine analogs 
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Figure 32. Electrostatic potential maps of pyridine analogs 
showing the distribution of negative (blue) and positive 
(red) electrostatic isopotential contours at an energy level 
of 10 Kcal/mole. The electrostatic isopotential contour lines 
were calculated by the interaction of the atoms in each 
molecule with a positive unit charge probe. Each structure 
was optimized via MOPAC before calculating its molecular 
electrostatic potentials, a = benzene; b = pyridine; c = 
pyridyl aldehyde 
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Figure 32. (cont.) 
d = pyridyl aldoxime; e = picolinic acid 
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SDUNOCMO (electron density over all unoccupied molecular 
orbitals) from 0.71 to 17.04, SDLUMO from 0.24 to 16.07 and 
SDWRLUMO from 0.24 to 0.74. There was also some increase in the 
total negative and positive electrostatic volumes of pyridine 
(Table 15). Negative energy steric interaction (attracting) 
volumes increased from 4.72 in benzene to 9.68 in pyridine, but 
positive energy steric interaction (repelling) volumes decreased 
from 206.06 in benzene to 138.58 in pyridine. 
In comparison to benzene, the aforementioned electron 
density changes were accompanied in pyridine by: (a) the 
appearance of large positive charge binding volumes (i.e. volumes 
of the negative electrostatic potential energy field) in the 
vicinity of the nucleophilic pole of the pyridine molecule, 
namely at position 6-2, and (b) the appearance of small positive 
charge repelling volumes (i.e. volumes of the positive 
electrostatic potential energy field) at position 2,4 and 6 of 
the pyridine molecule. 
The tetrapyrrole modulating effects of pyridine and the 
photodynamic damage caused by this compounds on cucumber was 
investigated by Nandihalli and Rebeiz (unpublished). It was found 
to be inactive when it was sprayed alone or in combination with 
ALA. 
Structure-Function Study of the Effect of Pyridyl-Aldehyde on 
Green Johnsongrass Seedlings, a DMV\LMV Plant Species 
Pyridyl aldehyde is an analog of pyridine. It differs 
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chemically from pyridine by having an aldehyde group at position 
6 of the molecule next to the N atom of pyridine (Fig.31). This 
chemical difference caused changes in the electronic properties 
of the molecule and its biological activity. The nucleophilic 
pole shifted from position 1 toward position 6-7 of the molecule. 
This was accompanied by a large increase in the dipole moment 
(Table 15) and by about an 80° shift in dipole moment 
orientation. In other words, instead of pointing toward position 
1, the dipole moment pointed toward the aldehyde group (Fig.32). 
The Van der Waals volume increased from 65.52 in pyridine to 
88.19 in pyridyl aldehyde. SDWRHOMO decreased from 16.07 in 
pyridine to -0.10 in pyridyl aldehyde, SDUNOCMO from 17.04 to-
0.01, SDLUMO from 16.07 to -0.14 and SDWRLUMO from 0.74 to-
0.24. Both negative and positive electrostatic volumes increased 
in pyridyl aldehyde as compared to pyridine (Table 15). Repelling 
steric probe volumes increased from 138.58 in pyridine to 172.13 
in pyridyl aldehyde. 
The aforementioned quantitative changes were accompanied by 
some changes in the shape and position of the electrostatic 
fields surrounding the pyridyl aldehyde molecule (Fig.32). 
Calculation of exclusive positive charge attracting and repelling 
electrostatic volumes revealed that in comparison to pyridine a 
large positive charge binding volume appeared at position 5-7 of 
the pyridyl aldehyde molecule. This increase in negative 
electrostatic volume was accompanied by a decrease in negative 
electrostatic volume at position 2-5 and 6-2 of the pyridyl 
210 
aldehyde molecule in comparison to pyridine. Positive charge 
repelling electrostatic volume also increased at position 1-6, 2-
3 and 3-4 of the pyridyl aldehyde molecule (Table 16). 
In cucumber, a DDV\LDV plant species, pyridyl aldehyde acted 
as an enhancer of MV and DV-Pchlide formation. There was a very 
significant correlation between the accumulation of these 
tetrapyrroles and photodynamic damage (Montazer-Zohour, 1988). 
In soybean, a DMV\LDV plant species, pyridyl aldehyde acted 
as a weak enhancer of Proto formation. It acted as a weak 
enhancer of MV-Pchlide and DV-MPE formation. At the 
concentrations used, no photodynamic damage was observed in 
soybean (Montazer-Zohour, 1988). 
In johnsongrass, a DMV\LMV plant species, pyridyl aldehyde 
acted as an enhancer of MV and DV-MPE formation. A significant 
correlation was found between the accumulation of these 
tetrapyrroles and photodynamic damage. This modulator also 
inhibited MV-Pchlide formation. No pheophorbide a and Chlide a 
accumulation was observed (Table 17). Photodynamic damage was 
mainly observed at the highest modulator concentration. 
The only similarity between soybean (DMV\LDV) and cucumber 
(DDV\LDV) was the enhancement of MV-Pchlide formation. Formation 
of this tetrapyrrole was inhibited in pyridyl aldehyde treated 
johnsongrass (DMV\LMV) seedlings. The only other tetrapyrrole, 
which was enhanced in cucumber by this modulator, was DV-
Pchlide. The only similarity between the responses of soybean and 
johnsongrass to pyridyl aldehyde was the accumulation of DV-MPE. 
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The unique effect of pyridyl aldehyde on soybean was the 
enhancement of Proto formation and on johnsongrass was the 
enhancement of MV-MPE formation. Soybean was less susceptible to 
pyridyl aldehyde+ALA treatment than cucumber and johnsongrass 
plants. None of the plants were photodynamically damaged when 
pyridyl aldehyde was used alone. 
Fluorescence emission and excitation spectra in organic 
solvent at room temperature and in ether at 77°K of two of the 
treatments are shown in Figures 33 and 34 respectively. 
Accumulation of substantial amounts of MPE and Pchlide are 
obvious. Some of the photographs taken 10 days after spraying are 
shown in Plates 21 and 22. Some recovery from photodynamic damage 
was observed 10 days after spraying. 
Structure-Function Study of the Effect of Pyridyl Aldoxime on 
Green Johnsongrass Seedlings a DMV\LMV Plant Species 
Pyridyl aldoxime is an analog of pyridine. This molecule 
differs chemically from pyridine by having one extra carbon atom 
with an oxime group attached to it (Fig. 31). This chemical 
difference between pyridine and pyridyl aldoxime caused some 
changes in the electronic properties of pyridyl aldoxime and its 
biological activity. The extra nitrogen atom (of the oxime group) 
at position 8 of this molecule created another source of negative 
charge in the molecule. The orientation of the dipole moment 
remained essentially unaffected (Fig. 32). Its magnitude, however 
increased from 1.96 in pyridine to 2.19 in pyridyl aldoxime. As 
580 600 650 700
 380 400 
Emission Wavelength 
450 500 
Excitation Wavelength 
Figure 33. Fluorescence emission (A) and excitation (B) spectra in 
organic solvent at room temperature of control and ALA + pyridyl 
aldehyde treated johnsongrass seedlings. The emission spectra were 
elicited by excitation at 420 nm. The excitation spectra were 
recorded at emission wave leg th of 674 nm. Peaks at 414 and 432 nm 
in the excitation spectra represent fluorescence excitation peaks 
of pheophorbide a and Chlide a respectively. Peaks at 591,637,640 
and 674 nm in emission spectra represent fluorescence emitted by 
MPE, Proto, Pchlide and Chlide a respectively. (——) = control 
( ) = treated 
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530 600 650 700 380 400 450 500 
Emission Wavelength Excitation Wavelength 
Figure 34. Fluorescence emission (A) and excitation (B) spectra 
in ether at 77K of control and ALA + pyridyl aldehyde treated 
johnsongrass plants. The emission spectra were elicited by 
excitation at 420 nm. The excitation spectra were recorded at 
emission wavelength of 625 nm. Peaks at 589, 625, 674 on emission 
spectra represent fluorescence emitted by MPE, Pchlide and Chlide 
respectively. ( ) = control (—-*—) = treated 
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Plate 21. Photodynamic damage in green johnsongrass 
seedlings sprayed with pyridyl aldehyde in the presence 
and absence of exogenous ALA, the first day after 
exposure to light. Top-left = solvent only; top-right = 5 
mM ALA; bottom-left = 10 mM modulator; bottom-right = 5 
mM ALA + 10 mM modulator. 
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Plate 21. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom-right = 
5 mM ALA + 30 mM modulator. 
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Plate 22. Photodynamic damage in green johnsongrass 
seedlings sprayed with pyridyl aldehyde in the presence 
and absence of exogenous ALA, 10 days after exposure to 
light. Top-left = solvent only; top-right = 5 mM ALA; 
bottom-left = 10 mM modulator; bottom-right = 5 mM ALA + 
10 mM modulator. 
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Plate 22. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom- right = 
5 mM ALA + 30 mM modulator. 
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shown in Table 15 the Van der Waals volume increased 65.52 to 
95.46 A°3- There were a substantial decrease in the electron 
density in various molecular orbitals, such as SDWRHOMO , 
SDUNOCMO, SDLUMO, and SDWRLUMO, in comparison to pyridine. Both 
the negative and positive electrostatic volumes of pyridyl 
aldoxime increased. The Van der Waals repulsive and attractive 
volumes of pyridyl aldoxime also increased in comparison to 
pyridine. Also two net charge sources were created at position 2 
and 4 of the molecule (Table 15). 
The above mentioned quantitative changes were accompanied by 
some changes in the shape and position of the electrostatic 
fields surrounding the molecule (Fig.32). Calculation of 
exclusive positive charge attracting and repelling electrostatic 
volumes revealed that in comparison to pyridine, a large positive 
charge binding volume appeared at position 1-8 of the molecule. A 
small positive charge repelling volume also appeared at position 
8 of the molecule (Table 16). 
In cucumber, a DDV\LDV plant species, pyridyl aldoxime 
inhibited the formation of MV and DV-Pchlide, and caused the 
accumulation of small amounts of pheophorbide a. photodynamic 
damage was significant (Montazer-Zohour, 1988). 
In soybean, a DMV\LDV plant species, pyridyl aldoxime acted 
as an enhancer of Proto, MV-MPE, DV-MPE and MV-Pchlide formation. 
There was a significant correlation between the accumulation of 
these tetrapyrroles and photodynamic damage. No pheophorbide a 
was found but some Chlide a accumulation was observed. 
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Photodynamic damage ranged from 1 to 39% (Montazer-Zohour, 1988). 
In johnsongrass, a DMV\LMV plant species, pyridyl aldoxime 
enhanced the formation of Proto, MV-MPE and DV-MPE. This 
modulator also acted as an inhibitor of MV and DV-Pchlide 
formation. Small amounts of pheophorbide a were also formed but 
no Chlide a accumulation was observed (Table 18). In 
johnsongrass, pyridyl aldoxime did not raise the level of 
photodynamic damage beyond that caused by ALA alone. 
Similarities between cucumber and johnsongrass consisted in 
the inhibition of MV and DV-Pchlide formation. Similarities 
between soybean and johnsongrass consisted in the enhancement of 
Proto, MV-MPE and DV-MPE formation. Of the three plant species 
cucumber was the most susceptible followed by soybean and 
johnsongrass. 
Fluorescence emission and excitation spectra, in organic 
solvent at room temperature and in ether at 77°K, of two of the 
treatments are shown in Figures 35 and 36 respectively. Pchlide 
,MPE and pheophorbide a accumulation over and beyond the control 
is observed. Some of the photographs taken 10 days after spraying 
are shown in Plate 23 and 24. Substantial recovery from 
photodynamic damage was observed ten days after spraying. 
Structure-Function Study of the Effect of Picolinic Acid on Green 
Johnsongrass Seedlings a DMV\LMV Plant Species 
Picolinic acid is an analog of Pyridine which contains one 
carboxyl group attached to carbon-6 of the molecule (Fig.31). 
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Figure 35. Fluorescence emission (A) and excitation (B) spectra in 
organic solvent at room temperature of control and ALA + pyridyl 
aldoxime treated johnsongrass seedlings. The emission spectra were 
elicited by excitation at 420 nm. The excitation spectra were 
recorded at emission wavelegth of 674 nm. Peaks at 414 and 432 nm 
in the excitation spectra represent fluorescence excitation peaks 
of pheophorbide a and Chlide a respectively. Peaks at 591,637,640 
and 674 nm in emission spectra represent fluorescence emitted by 
MFE, Proto, Pchlide and Chlide a respectively. ( ) = control 
( ) = treated 
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Figure 36. Fluorescence emission (A) and excitation (B) spectra 
in ether at 77K of control and ALA + pyridyl aldoxime treated 
johnsongrass plants. The emission spectra were elicited by 
excitation at 420 nm. The excitation spectra were recorded at 
emission wavelength of 625 nm. Peaks at 589, 625, 674 on emission 
spectra represent fluorescence emitted by MPE, Pchlide and Chlide 
respectively. ( ) = control I—---) = treated 
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Plate 23. Photodynamic damage in green johnsongrass 
seedlings sprayed with pyridyl aldoxime in the presence 
and absence of exogenous ALA, the first day after 
exposure to light. Top-left = solvent only; top-right = 5 
mM ALA; bottom-left = 10 mM modulator; bottom-right = 5 
mM ALA + 10 mM modulator. 
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Plate 23. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom-right = 
5 mM ALA + 30 mM modulator. 
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Plate 24. Photodynamic damage in green johnsongrass 
seedlings sprayed with pyridyl aldoxime in the presence 
and absence of exogenous ALA, 10 days after exposure to 
light. Top-left = solvent only; top-right = 5 mM ALA; 
bottom-left = 10 mM modulator; bottom-right = 5 mM ALA + 
10 mM modulator. 
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Plate 24. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom- right = 
5 mM ALA + 30 mM modulator. 
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This chemical difference caused some changes in the electronic 
properties of the picolinic acid molecule and in its biological 
activity. Because of the negatively charged oxygen atom of the 
carboxyl group, the dipole moment increased from 1.96 in pyridine 
to 5.22 in picolinic acid. Also the dipole moment orientation, 
changed by about 70° in the direction of the carboxylic group 
(Fig.32). As shown in Table 15 the Van der Waals volume increased 
in picolinic acid by about 20 A°3. In comparison to pyridine; (a) 
there was a decrease in superdelocalizability of all molecular 
orbitals, (b) there was a substantial increase in both negative 
and positive electrostatic volumes and (c) there was an increase 
in the steric probe volumes, i.e. in the attractive and repulsive 
Van der Walls forces toward a positive H probe (Table 15). Net 
charges equivalent to -0.28 and -0.32 were created at positions 2 
and 3 respectively. 
The aforementioned quantitative differences were accompanied 
by some changes in shape and position of the electrostatic fields 
surrounding the picolinic acid molecule (Fig. 32). Calculation of 
exclusive positive charge attracting and repelling electrostatic 
volumes revealed that a large positive charge binding volume 
appeared at position 7 of the picolinic acid molecule. This was 
accompanied by disappearance of some positive charge binding 
electrostatic volume at position 2-6 and 6-2. Some positive 
charge repelling electrostatic volume also appeared at position 
2-3, 3-4, 4-5 and 1-7 of the molecule (Table 16). 
In cucumber, a DDV\LDV plant species, picolinic acid acted 
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as an enhancer of MV-Pchlide and DV-Pchlide formation. There was 
a significant correlation between the accumulation of these 
tetrapyrroles and photodynamic damage which was substantial 
(Montazer-Zohour, 1988). 
In soybean, a DMV\LDV plant species, picolinic acid acted as 
an enhancer of Proto formation. A significant correlation was 
found between the accumulation of this tetrapyrrole and 
photodynamic damage. Picolinic acid also enhanced the formation 
of MV and DV-MPE which was significantly correlated with 
photodynamic damage. MV-Pchlide and DV-Pchlide formation were 
inhibited. Pheophorbide a accumulation was also enhanced in 
picolinic acid treated soybean plants (Montazer-Zohour, 1988). 
In johnsongrass, a DMV\LMV plant species, picolinic acid 
acted as an inducer of Proto and MV-MPE formation. No correlation 
was found between the accumulation of these tetrapyrroles and 
photodynamic damage. Picolinic acid also enhanced considerably 
DV-MPE formation which exhibited a significant correlation with 
photodynamic damage. This modulator also inhibited the formation 
of MV and DV-Pchlide. Both Chlide a and pheophorbide a 
accumulation was observed (Table 19). 
There was no similarity in response between cucumber and the 
two other plant species to picolinic acid. Its effect on the two 
DMV plant species, namely soybean and johnsongrass, were almost 
identical. In both plants the formation of Proto, MV-MPE and DV-
MPE was enhanced, and the formation of MV-Pchlide and DV-Pchlide 
was inhibited. Also in both plant species pheophorbide a 
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accumulation took place. One difference between soybean and 
johnsongrass was the accumulation of Chlide a in johnsongrass but 
not in soybean. Cucumber was the most susceptible to picolinic + 
ALA treatment and soybean was the least susceptible. 
Fluorescence emission and excitation spectra in organic 
solvent at room temperature and in ether at 77°K of two of 
treatments are shown in Figures 37 and 38 respectively. Proto, 
MPE and Pchlide accumulation are depicted in picolinic acid 
treated johnsongrass seedlings. Some of the photographs taken on 
the first and tenth day after spraying are shown in Plates 25 and 
26. Recovery from photodynamic damage took place. 
Relationship Between Photodynamic Damage in Green Johnsongrass 
Seedlings and Various Molecular Descriptors 
As was described earlier in this chapter, various 
differences in the chemical structure of pyridine, that resulted 
in the three analogs investigated in this work, caused a 
substantial differences in the ability of these chemicals to 
modulate tetrapyrrole accumulation and photodynamic damage. In 
order to relate the electronic and chemical structure of the 
chemicals to their biological activities, we first identified, 16 
physico-chemical properties i.e. specific descriptors, which may 
be correlated with the observed tetrapyrrole accumulation 
response and photodynamic damage. The monitored biological 
responses were PDM (photodynamic damage caused by the modulator 
alone) and PDA+M (photodynamic damage caused by 5 mM ALA in 
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Figure 37. Fluorescence emission (A) and excitation (B) spectra in 
organic solvent at room temperature of control and ALA + picolinic 
acid treated johnsongrass seedlings. The emission spectra were 
elicited by excitation at 400 nm. The excitation spectra were 
recorded at emission wavelegth of 674 nm. Peaks at 414 and 432 nm 
in the excitation spectra represent fluorescence excitation peaks 
of pheophorbide a and Chlide a respectively. Peaks at 591,637,640 
and 674 nm in emission spectra represent fluorescence emitted by 
MPE, Proto, Pchlide and Chlide a respectively. (——) = control 
( ) = treated 
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Figure 38 . Fluorescence emission (A) and excitation (B) spectra 
in ether at 77K of control and ALA + picolinic acid treated 
johnsongrass plants. The emission spectra were elicited by 
excitation at 420 nm. The excitation spectra were recorded at 
emission wavelength of 625 nm. Peaks at 589, 625, 674 on emission 
spectra represent fluorescence emitted by MPE, Pchlide and Chlide 
respectively. ( ) = control (-•——-) = treated 
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Plate 25. Photodynamic damage in green johnsongrass 
seedlings sprayed with picolinic acid in the presence and 
absence of exogenous ALA, the first day after exposure to 
light. Top-left = solvent only; top-right = 5 mM ALA; 
bottom-left = 10 mM modulator; bottom-right = 5 mM ALA + 
10 mM modulator. 
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Plate 25. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom-right = 
5 mM ALA + 30 mM modulator. 
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Plate 26. Photodynamic damage in green johnsongrass 
seedlings sprayed with picolinic acid in the presence and 
absence of exogenous ALA, 10 days after exposure to 
light. Top-left = solvent only; top-right = 5 mM ALA; 
bottom-left = 10 mM modulator; bottom-right = 5 mM ALA + 
10 mM modulator. 
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Plate 26. (cont.) 
Top-left = 20 mM modulator; top-right = 5 mM ALA + 20 mM 
modulator; bottom-left = 30 mM modulator; bottom- right = 
5 mM ALA + 30 mM modulator. 
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combination with 30 mM modulator). 
In the case of PDM, the ChemX data reduction procedure 
(Chemstat) identified two descriptors which exhibited correlation 
(5% level) with PDM, and showed no inter-correlation among 
themselves. Further regression analysis, indicated a significant 
linear relationship between PDM and the magnitude of the 
electrostatic positive charge repulsing volumes around the 
molecules which is described by: 
PDM =0.22 (ESTATVLC2) -3.86 [R2 = 0.73] 
In the case of PDA+M, the data reduction also identified 2 
descriptors which correlated with PDA+M (5% level) and showed no 
inter-correlation among themselves. Further regression analysis 
with PDA+M, exhibited a significant correlation again between 
PDA+M and the positive charge repelling electrostatic volumes 
around the molecule. This relationship is described by: 
PDA+M = 0.74 (ESTATVLC2) + 32.77 [R2 = 0.66] 
E. Discussion 
The results of studies on tetrapyrrole modulating and injury 
causing effects of three pyridine analogs on johnsongrass 
seedlings were explained in this chapter. It was observed that 
pyridyl aldehyde and pyridyl aldoxime enhanced MV and DV-MPE 
formation while picolinic acid induced formation of these two 
tetrapyrroles. In other words picolinic acid treatment in the 
absence of ALA caused some tetrapyrrole accumulation whereas the 
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other two modulators did not induce the formation of 
tetrapyrroles when they were used without ALA. It was also found 
that all of the modulators inhibited MV-Pchlide formation (Tables 
17,18,19). Enhancement of Proto formation was observed in pyridyl 
aldoxime and picolinic acid treated johnsongrass (Tables 18,19). 
Pheophorbide a and Chlide a (Ch degradation intermediates) were 
only formed in picolinic acid treated johnsongrass seedlings 
(Table 19). Comparison of 16 physico-chemical properties of the 
modulators and their tetrapyrrole modulating effects on 
johnsongrass seedlings, revealed that Proto enhancement and DV-
Pchlide inhibition corresponded to modulators with larger 
negative electrostatic volumes. On the other hand the 
accumulation of Chi degradation intermediates was observed in 
picolinic acid (Table 19), a molecule with the largest negative 
electrostatic volume and dipole moment (Table-?). As the negative 
electrostatic volume and the net charges at position 2 of the 
molecules increased the photodynamic damage caused by the 
modulators alone in the absence of added ALA also increased 
(Table 15). There was an inverse correlation between contour 1 
(Van der Waals attracting forces) and contour 2 (Van der Waals 
repulsive forces toward a positive H probe) steric probe volumes 
and photodynamic damage, when modulators were used jointly with 
ALA. In other words as the steric probe volumes of the molecules 
decreased, photodynamic injury increased (Table 15). 
The tetrapyrrole modulating effects of three pyridine 
analogs on different plant species, representing the three 
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natural greening groups were not identical. None of the 
modulators promoted the formation of Proto and MPE in cucumber, a 
DDV/LDV plant species. In soybean and johnsongrass, both DMV 
plant species, Proto and MPE formation was enhanced. The 
susceptibility of the three plant species toward treatment also 
was not the same. Cucumber was the most susceptible plant to this 
group of modulators and soybean exhibited the least 
susceptibility toward these modulators. 
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CHAPTER 5 
IN VITRO STUDY OF THE EFFECTS OF DIFFERENT TETRAPYRROLES 
ON PHOTODYNAMIC DAMAGE IN ISOLATED CUCUMBER CHLOROPLASTS 
A. Introduction 
During the last decade our laboratory has been mainly 
involved in investigation of the effects of various photodynamic 
herbicide modulators on different greening groups of plant in 
vivo. In most cases one modulator caused the accumulation of 
several different tetrapyrroles. The aim of the work described in 
this chapter is to determine which one of the accumulated 
tetrapyrroles is responsible for photodynamic damage. Since 
photodynamic herbicides act via the Chi biosynthetic pathway 
which occurs in the chloroplasts of green plants, this issue was 
investigated, using isolated cucumber chloroplasts and exogenous 
tetrapyrroles. Photodynamic damage was determined by measuring 
changes in the chloroplast Chi and chlorophyllide content as well 
as alterations in chloroplast membranes. 
It has been reported that at the temperature of liquid N2, 
mature chloroplasts exhibit a three banded fluorescence spectrum 
with emission maxima at 683-686 nm (ie F686), 693-696 nm (F696) 
and 735-740 nm (F740) (Goedheer, 1964). The emission at F686 nm 
is attributed to CHL a, which absorbs at 670 nm (Chi 670), the 
emission at F696 nm to Chi a 677, and the emission at 740 nm to 
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Chi a 704 (Garab, et. al., 1974). Alternatively, it has been 
suggested that the fluorescence emitted at F696 nm originates 
mainly from the Photosystem II (PS II) antenna Chi a, that 
emitted at F740 nm originates primarily from the Photosystem I 
(PS I) antenna Chi a, and that emitted at F686 nm arises from the 
Chi a of the light-harvesting Chl-protein complex (Butler and 
Kilajima, 1975). 
Hipkins and Baker, in 1986, reported that the ratio of 
emissions at 685 nm relative to that at 740 nm (F740/F685), as 
well as F740/F695 can be used to determine changes in the 
relative distribution of excitation energy between the two 
photosystems. These ratios have been used (Rebeiz and Bazzaz, 
1978) to study the onset of chloroplast degradation which is 
readily manifested by a steady decrease in the F740/F696 and 
F740/F686 fluorescence emission ratios at 77°K. However, care 
must be taken in the use of these ratios because the relative 
magnitude of F685 (or F695) to 740 in a spectrum will be 
dependent upon the chloroplast concentration in the sample. 
Usually as the chloroplast concentration of the sample increases, 
so does the F740/F685 ratio (Hipkins and Baker, 1986). It is 
therefore important to run these ratio determinations on dilute 
chloroplast suspensions. 
In this study isolated cucumber chloroplasts were incubated 
with 5 different tetrapyrroles, one at a time, in the light and 
the effect of each tetrapyrrole on chloroplast damage and Chi 
degradation was assayed. It was found that each tetrapyrrole had 
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different effects on chloroplast photodynamic damage. 
B. Experimental Strategy 
1. Cucumber chloroplasts were used as the experimental 
organelle. The reason for using isolated chloroplasts was that 
Mg-tetrapyrroles, which are intermediates in Chi biosynthesis, 
are formed within the chloroplasts . Cucumber was chosen because 
of the extensive knowledge of its chlorophyll intermediary 
metabolism. 
2. Isolated chloroplasts were incubated with different 
tetrapyrroles, one at a time, in the light in order to trigger 
putative photodynamic damage. 
3. Damage that occurred in PS I and PS II was determined by 
in-organelle spectrofluorometry in glycerol at 77°K. 
4. Changes in Chi content and Chi degradation products were 
measured spectrofluorometrically at room temperature, in organic 
solvents. 
C. Material and Methods 
Plant Material: 
Cucumber (Cucumis sativus, var. Beit alpha) was purchased 
from L.L. Olds Seed Co. Madison, Wisconsin. Corn (Zea mays) seeds 
were purchased from FS Growmark Inc. Bloomington,IL. 
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Chemicals: 
ALA, 2,2-dipyridyl, Proto and Mg-Proto were purchased from 
Sigma Chemical Co. MV-Pchlide, DV-Pchlide and DV-MPE were 
prepared in the laboratory. 
Preparation of MV-Pchlide: 
Corn (a DMV/LDV plant species) seeds were planted in moist 
vermiculite held in a plastic tray (37x30x8 cm). The tray was 
covered with another tray, wrapped in aluminum foil and kept in 
a dark growth chamber at 28°C. 5-Day old etiolated corn leaves 
were harvested under a safe green light. The leaves were 
incubated at 28°C for 20 hour in darkness in deep Petri dishes (9 
cm deep and 9 cm in diameter) each containing 5 g of tissue and 
10 ml of an aqueous solution composed of 4.5 mM ALA, 3.7 mM 2,2'-
dipyridyl and 228 mM methanol. Thirty grams of etiolated corn 
leaves were used for the preparation of about 100 nmoles of MV-
Pchlide. At the end of the incubation period each 2.5 g of tissue 
was transferred in a 50 ml centrifuge tube containing 17 ml 
acetone : 0.1 N NH4OH (9:1 v/v). The tissue was homogenized at 
1°C for 2 min, using a Brinckman Polytrone homogenizer. The 
homogenate was centrifuged at 39,000 g for 10 min at 1°C. The 
supernatant was collected and extracted with an equal volume of 
hexane and again with a one-third volume of hexane. Fully 
esterified tetrapyrroles such as Pchlide ester and Mg-Proto-6,7-
diester were transferred to hexane whereas monocarboxylic 
tetrapyrroles such as Pchlide and Mg-Proto-6-ester pools as well 
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as dicarboxylic tetrapyrroles such as Mg-Proto remained in the 
hexane extracted acetone residue (HEAR). To the HEAR fraction was 
added l/70th volume of 0.37 M KH2P04 buffer (pH=7.0) and l/17th 
volume of saturated NaCl, followed by l/5th volume of peroxide-
free diethyl ether. The HEAR was washed 7 times with ether. The 
Pchlide, Mg-Proto-6-ester and Mg-Proto pools were transferred to 
ether. The ether epiphase was collected in a conical tube and 
concentrated under N2 gas until the solution became cloudy and 
the pigments began to precipitate. The cloudy solution was 
reextracted with one to two volumes of peroxide-free ether and 
the emulsion was centrifuged briefly to separate the ether phase 
from the aqueous phase. The ether epiphase was transferred to a 
clean conical centrifuge tube and concentrated under N2 gas. The 
concentrated ether extract from 5 g of tissue, containing 
monocarboxylic tetrapyrroles, was chromatographed on 10 thin 
layer plates of Silica Gel H, developed in toluene : ethyl 
acetate : ethanol (8:2:2 v/v/v) at 4°C. In this solvent the 
Pchlide pool migrated with an Rf of about 0.21 and moved behind 
MPE. After development and before drying, the Pchlide band was 
scraped into a beaker containing methanol : acetone (4:1 v/v). 
The slurry was then transferred to a conical centrifuge tube and 
centrifuged briefly to separate the Silica from Pchlide. The 
Pchlide eluted in methanol : acetone was then washed in 0.37 M 
phosphate buffer, pH 7.0, after addition of peroxide-free diethyl 
ether. An aliquot of the ether epiphase was transferred to a 
conical tube and diluted with diethyl ether. The MV and DV 
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Pchlide content of this diluted solution was determined 
spectrofluorometrically at 77°K in order to determine the level 
of DV Pchlide contamination. The rest of the ether epiphase was 
transferred to a small flat-bottom plastic vial and dried under 
N2 gas. Before use, it was redissolved in 220 microliters of 80% 
acetone. Ten microliter portions of this acetone solution were 
transferred to a conical tube and after dilution with 80% 
acetone, the amounts of Pchlide was measured quantitatively by 
spectrof luorometry at room temperature. The plastic vial, 
containing the rest of Pchlide in acetone, was kept in the 
freezer at -84°C for future use. 
Preparation of DV-MPE: 
Cucumber (a DDV/LDV plant species) seeds were planted in 
moist vermiculite held in a glass tray (50x30x5 cm), covered with 
aluminum foil and kept in darkness at 28°C. Four-day old 
etiolated cucumber cotyledons were used for DV-MPE extraction 
using the same procedure as for MV-Pchlide. The MPE pool migrated 
on the TLC plates with an Rf of 0.31. Twenty g of tissue was used 
for the preparation of about 100 nmoles of DV-MPE. 
Preparation of DV-Pchlide: 
Eight ml of distilled water were added to a large Petri dish 
(15 x 2 cm). Five grams of 4-day-old etiolated cucumber 
cotyledons (without a hypocotyl hook) were excised in the dark 
room under safe green light and were spread as a monolayer in a 
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Petri dish. The cotyledons were then subjected to a 2.5 ms flash 
of actinic white light followed by 45 min of darkness. This 
process was repeated one more time, after which a third 2.5 ms 
flash was given . After the third flash, the water in the Petri 
dish was replaced with 8 ml of an aqueous solution composed of 
3.7 mM 2,2'-dipyridyl, 4.5 mM ALA and 228 mM methanol. The petri 
was covered and wrapped in aluminum foil and kept in darkness at 
R.T. for 2 hr. After that incubation period, the tissue was used 
for the extraction of DV-Pchlide using the same procedure as that 
described for the preparation of MV-Pchlide. Twenty five gram 
portions of tissue were used for the preparation of 100 nmoles of 
DV-Pchlide. 
Isolation of Intact and Purified Chloroplasts: 
cucumber seeds were planted in moist vermiculite held in a 
glass tray (50x30x5 cm). Germination was carried out in a growth 
room illuminated by six 1000-W metal halide lamps (21.1 mW cm"2) 
under a 14-h dark / 10 h light photoperiod. The temperature 
ranged from 27°C in the light to 21°C in darkness. The seedlings 
were watered with Hogland's nutrient solution. Fourty grams of 
green three-day old cotyledons were hand-ground in two prechilled 
ceramic mortars each containing 75 ml of cold homogenization 
medium which consisted of 500 mM sucrose, 15 mM Hepes, 30 mM Tes, 
1 mM MgCl2, 1 mM EDTA, 0.2% BSA, and 5 mM L-cystein at a room 
temperature PH of 7.7 (Tripathy,B.C. and C.A.Rebeiz, 1986). The 
homogenate was filtered through two layers of Miracloth 
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(Calbiochem) and was centrifuged at 200 g for 5 min in a Beckman 
JA-20 angle rotar at 1°C. The supernatant was decanted and 
centrifuged at 1500 g for 20 min at 1°C. The pelleted 
chloroplasts were gently resuspended in 5 ml of homogenization 
medium using a small paintbrush. The resuspended chloroplasts 
were further purified by layering over 35 ml of homogenization 
medium containing 35% percoll, in two 50 ml centrifuge tubes and 
centrifuged at 6000 g for 5 min in a Beckman JS-13 swinging 
bucket rotar at 1°C. Intact chloroplasts were recovered as a 
pellet, whereas broken chloroplasts and other cell organelles 
formed a band at the top of the tubes. The percoll epiphase of 
both tubes were removed, and the chloroplasts pellet of each tube 
was resuspended in 100 microliter incubation medium. 
Conversion of Exogenous ALA to Tetrapyrroles by Cucumber 
Chloroplasts in Darkness: 
To determine the activity of the isolated cucumber 
chloroplasts, they were incubated with and without ALA in a 
fortified incubation medium. In each of two flat-bottomed glass 
tubes was added one ml incubation solution composed of 0.33 ml 
chloroplast suspension, 500 mM sucrose, 200 mM Tris, 20 mM MgCl2, 
2.5 mM EDTA, 8 mM methionine, 40 mM NAD, 1.25 mM methanol, 20 mM 
ATP and 0.1% (w/v) BSA, at a room temperature pH of 7.7. To one 
of the tubes, 0.1 ml of 60 mM ALA was added while the other tube 
received 0.1 ml of water. Incubation was carried out for 2 hr in 
shaking water bath (51 oscillation/min) at 28°C in darkness. 
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Conversion of Exogenous ALA to Tetrapyrroles by Cucumber 
Chloroplasts Under Different Light Intensities: 
Cucumber chloroplasts were incubated with ALA under 
different light intensities in order to find out the optimum 
light intensity for optimum Chi accumulation. In a total volume 
of 1 ml containing 0.33 ml of chloroplast suspension, the 
reaction mixture consisted of 0.1 ml of 60 mM ALA, 500 mM 
sucrose, 200 mM Tris, 20 mM MgCl2, 2.5 mM EDTA, 8 mM methionine, 
40 mM NAD, 1.25 mM methanol, 20 mM ATP and 0.1% (w/v) BSA, at a 
room temperature pH of 7.7. Incubation was carried out in four 
flat-bottomed glass tube. ALA was added last to the tubes to 
initiate the reaction. The tubes were incubated at 28°C for 2 h 
in a water bath operated at 51 oscillation per min, under light 
intensities of 250, 3000, 6000, and 14000 MW cm-2. 
Incubation of Isolated Cucumber Chloroplasts With Different 
Tetrapyrroles: 
To each of two conical centrifuge tubes was added a total 
volume of 2 ml solution containing 0.66 ml chloroplast 
suspensions, 0.66 ml incubation medium composed of 500 mM 
sucrose, 200 mM Tris, 20 mM MgCl2, 2.5 mM EDTA, 8 mM methionine, 
40 mM NAD, 1.25 mM methanol, 20 mM ATP and 0.1% (w/v) BSA, at a 
room temperature pH of 7.7. One of the tubes was used as a 
control, and to the other tube 100 nmoles of a particular 
tetrapyrrole was added. Immediately after mixing the tetrapyrrole 
with the incubation solution, an aliquot of 0.8 ml was 
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transferred to a 50 ml centrifuge tubes containing 4 ml acetone : 
0.1 N NH4OH (9:1 v/v) in order to stop the reaction. An aliquot 
of 0.2 ml of the chloroplast incubation mixture, was mixed with 
0.6 ml of glycerol for monitoring the state of the chloroplasts 
at 77°K, before the onset of incubation. Each remaining 1 ml of 
chloroplast incubation mixture was transferred to a separate flat 
bottomed culture tube. The tubes were covered with saran wrap to 
prevent evaporation and then incubated for 2hr. Incubation was 
done at 28°C, under 14 mW cm-2 in a water bath operated at 51 
oscillation per min. After 2hr incubation 0.8 ml portion of each 
culture tube were transferred to 50 ml centrifuge tubes each 
containing 4 ml acetone : 0.1 N NH4OH (9:1 v/v) to stop the 
reaction. The tubes containing acetone were centrifuged at 39,000 
g for 10 min at 1°C. The acetone extracts were extracted with 
hexane for tetrapyrrole determination while the pellets were used 
for protein determination. The remaining 0.2 ml of each 
incubation mixture was used for chloroplast membrane intactness 
determinations in glycerol at 77°K. Each experiment was repeated 
3 times and the numbers shown in the results section are the mean 
of three determination. 
Determination of Tetrapyrrole Content: 
Acetone extracts of the chloroplasts were first extracted 
with one volume of hexane and then with l/3th volume of hexane. 
The hexane epiphase containing Chi and other apolar pigments was 
transferred to a conical tube. An aliquot of the HEAR was used 
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for the determination of Proto, MPE, Pchlide, Chlide a and b and 
pheophorbide a and b. Quantitative pigment determination was by 
spectrofluorometry at room temperature (Rebeiz, et al., 1975c). 
To determine the amount of Chi, 0.1 ml of the hexane fraction was 
dried under N2 gas and the residue was redissolved in 80% acetone 
and used for measurement of Chi a and b and pheophytin a and b. 
The rest of the HEAR fraction was extracted with ether and washed 
with 0.37 M phosphate buffer (pH 7.7) as explained previously, 
and used for the determination of MV and DV tetrapyrroles by 
spectrofluorometry in ether at 77°K. 
Spectroscopy: 
Emission and excitation fluorescence spectra were monitored 
at room temperature, on a fully corrected photon-counting SLM 
spectrofluorometer model 8000C, interfaced with an IBM model XT 
microcomputer. Determinations were performed on an aliquot of the 
HEAR or hexane fraction in a cylindrical microcell 3 mm in 
diameter. The digital spectral data were automatically converted 
by the computer into quantitative values. All spectra were 
recorded at emission and excitation bandwidths of 4 nm. In order 
to determine photodynamic damage to photosystem I and II of the 
chloroplasts the fluorescence properties of the chloroplasts were 
monitored at 77°K in glycerol before and after incubation with 
exogenous tetrapyrroles. 
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Protein Determination: 
The acetone insoluble residue that remained after 
centrifugation of the chloroplast incubation mixture were 
resuspended in distilled water. Total protein was determined by 
BCA (Smith, et al., 1985) on an aliquot of the suspension after 
delipidation. Absorbance was determined on a Sequoia-Turner 
spectrophotometer model 340. 
Da Results 
1. Conversion of Exogenous ALA to Tetrapyrroles by Cucumber 
Chloroplasts in Darkness: 
In order to determine whether the chloroplast isolation 
procedure resulted in plastids which were capable of tetrapyrrole 
biosynthesis, the isolated chloroplasts were incubated with and 
without 6 mM ALA in darkness for 2hr. As shown in Table 20 after 
2hr of incubation in darkness, ALA was mostly converted into 
Proto, MPE and Pchlide. This in turn indicated that the isolated 
chloroplasts were metabolically active. 
2. Incubation of Cucumber Chloroplasts With ALA Under Different 
Light Intensities: 
In order to determine the response of isolated chloroplasts 
to various light intensities in the absence of added 
tetrapyrroles, isolated chloroplasts were incubated with 6 mM 
exogenous ALA under 4 different light intensities. The goal was 
Table 20. Incubation of cucumber chloroplasts with and 
without exogenous ALA in darkness at 28°C. Proto = 
protoporphyrin IX; MPE = Mg-Proto + Mg-Proto monoester; 
Pchlide = protochlorophyllide. 
nmoles per 100 mg protein 
Incubation 
Period Proto MPE Pchlide 
0 hr 0.00 0.00 0.00 
2 hr 138.93 38.35 5.69 
Note: The values of tetrapyrrole content at 0 hr have 
been subtracted from the values after 2 hr. 
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to determine the optimum light condition under which the 
production of tetrapyrroles was lowest and chlorophyll 
biosynthesis was highest. According to the results of Table 21 
the optimum light intensity for chlorophyll biosynthesis was 6000 
MW Cm-2. On the other hand, under 14000 MW cm-2 light intensity 
the amount of accumulated tetrapyrrole was not high enough in 
comparison to the added exogenous tetrapyrroles to interfere with 
the determination of photodynamic damage in the presence of added 
tetrapyrroles. 
3. Effect of Exogenous Proto on Photodynamic Damage in Isolated 
Cucumber Chloroplasts: 
Incubation of isolated chloroplasts with Proto in the light, 
resulted in the disappearance of Chi a and b, and the formation 
of Chlide a, a by-product of Chi a degradation. Some of the 
pheophorbide a formed in the absence of added Proto disappeared 
in the presence of Proto (Table 22). 
Fluorescence emission spectra elicited by excitation at 400 
nm of chloroplasts in glycerol at 77°K (Fig. 39) shows that the 
spectra of chloroplasts incubated with and without Proto at time 
zero consist of three peaks at 685 nm, 695nm and 739 nm. The 
first two peaks belong to the light harvesting Chi a antenna and 
to the PS II Chi a antenna respectively while the peak at 739 nm 
belongs to PS I antenna Chi a. Two hours after incubation in the 
absence of Proto, the ratio of F739/F685 and F739/F695 increased 
significantly which indicated the energy structural changes that 
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Table 21. Synthesis of Chi a/b and tetrapyrroles in cucumber 
chloroplasts incubated with exogenous ALA for 2h under different 
light intensities. Chi a/b = chlorophyll a + chlorophyll b; Proto 
= protoporphyrin IX; MPE = Mg-Proto + Mg-Proto monoester. 
• i 
Light nmoles per 100 mg protein 
Intensity •—-— — - — 
( W cm-2) Chi a Chi b Chi a/b Proto MPE 
-1062.04 -4718.84 411.54 148.26 
-135.97 -1899.78 278.36 34.64 
199.66 626.59 288.01 11.54 
441.53 1993.70 45.58 2.83 
117.62 708.66 25.91 0.33 
0 
300 
3000 
6000 
4000 
-3656.80 
-1763.78 
426.93 
1552.17 
591.04 
Note: The values of tetrapyrrole content at 0 hr have been 
subtracted from the values after 2 hr. 
257 
Table 22. Incubation of cucumber chloroplasts with and without 
Proto under 14 mW Cm-2 of light, at 28°C. Chi a = chlorophyll a; 
Chi b = chlorophyll b; Chlide a = chlorophyllide a; Chlide b = 
chlorophyllide b; Phaeo a = phaeophytin a. 
nmoles per 100 mg protein 
-Proto +Proto 
Tetrapyrroles — — — — — 
0 hr 2 hr 0 hr 2 hr 
Chi a 
Chlide a 
Chi b 
Chlide b 
Phaeo a 
0.00 
0.00 
0.00 
0.00 
0.00 
2316.00 
11.81 
820.40 
1.13 
336.64 
0.00 
0.00 
0.00 
0.00 
0.00 
-1414.43 
66.78 
-753.20 
4.15 
-151.12 
Note: The values of tetrapyrrole content at 0 hr have been 
subtracted from the values'after 2 hr. 
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Figure 39. Fluorescence emission spectra of cucumber 
chloroplasts, incubated +/- protoporphyrin IX for 0/2 
hours, monitored in glycerol, at 77°K. The excitation 
wavelength was 400 nm. ( ) = - tetrapyrrole. Oh; 
( " " » ) = -tetrapyrrole, 2h; ( »*•« ) = + tetrapyrrole 
Oh; ( »»•* ) = + tetrapyrrole, 2h. 
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enhanced energy transfer to PS I antenna Chi a. On the other hand 
the fluorescence emission spectrum of chloroplasts incubated with 
Proto for 2hr showed a considerable blue shift in the emission 
peaks of the LHCP and PS II antenna which indicated in turn 
disorganization of the pigment-protein entity. Altogether these 
results indicated that in light, exogenous Proto caused the 
destruction of Chi a and b and this was manifested by 
disorganization of the LHCP and PS II antenna Chi a-protein 
complexes. 
4. The Effect of DV-Mg-Proto on Photodynamic Damage of Cucumber 
Chloroplasts: 
Incubation of chloroplasts with DV-Mg-Proto resulted in an 
enhancement of Chi a and b biosynthesis. Some additional 
pheophytin a was produced in the tetrapyrrole-treated 
chloroplasts (Table 23). 
Fluorescence emission spectra in glycerol at 77°K are shown 
in Figure 40. Treatment with exogenous DV-Mg-Proto did not result 
in the disorganization of the chloroplast membrane pigment-
protein complexes. 
5. Effect of DV-MPE on Photodynamic Damage of Cucumber 
Chloroplasts: 
Incubation of chloroplasts with DV-MPE for 2hr caused 
considerable pigment degradation. Chi a and b were degraded and 
their degradation products, namely, Chlide a, Chlide b and 
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Table 23. Incubation of cucumber chloroplasts with and without 
DV-Mg-Proto under 14 mW Cm-2 of light, at 28°C. Chi a = 
chlorophyll a; Chi b = chlorophyll b; Chlide a = chlorophyllide 
a; Chlide b = chlorophyllide b; Phaeo a = phaeophytin a. 
nmoles per 100 mg protein 
-DV-Mg-Proto +DV-Mg-Proto 
Tetrapyrroles 
0 hr 2 hr 0 hr 2 hr 
Chi a 
Chlide a 
Chi b 
Chlide b 
Phaeo a 
0.00 
0.00 
0.00 
0.00 
0.00 
1230.18 
17.79 
340.46 
2.66 
210.24 
0.00 
0.00 
0.00 
0.00 
0.00 
2800.55 
8.02 
924.00 
0.12 
244.63 
Note: The values of tetrapyrrole content at 0 hr have been 
subtracted from the values after 2 hr. 
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Figure 40. Fluorescence emission spectra of chloroplasts 
of cucumber cotyledons, incubated +/- DV-Mg-Proto for 
0/2 hours, monitored in glycerol at 77°K. The excitation 
wavelength was 400 nm. ( ) = - tetrapyrrole. Oh; 
( »<«» ) = -tetrapyrrole, 2h; (-—•—) = + tetrapyrrole,Oh; 
( »*.* ) = + tetrapyrrole, 2h. 
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pheophytin a accumulated (Table 24). 
Chloroplast fluorescence at 77°K, indicated that after 2hr 
of light incubation with DV-MPE, considerable disorganization of 
all the pigment-protein complexes took place, namely loss of 
resolution of the LHCP and PS II antenna Chi a fluorescence and 
complete loss of PS I antenna fluorescence (Fig. 41). 
6. The Effect of DV-Pchlide on Photodynamic Damage of Cucumber 
chloroplasts: 
The effects of exogenous DV-Pchlide on the Chi a and b pool 
of cucumber chloroplasts are shown in Table 25. After 2hr of 
incubation of chloroplasts with this tetrapyrrole in the light, 
considerable Chi a and b degradation was observed as evidenced by 
the disappearance of Chi a and b and the appearance of Chlide a 
Chlide b and pheophytin a. 
Those pigment changes were accompanied by disorganization of 
the PS II and PS I antenna pigment-protein complexes, as 
evidenced by disappearance of the emission at 695 nm and 739 nm. 
The appearance of a peak at about 700 nm in control chloroplasts 
after 2hr of incubation may indicate a slight disorganization of 
some of the antenna pigment-protein complexes which no longer 
transfer their energy to the PS I antenna complexes (Fig. 42). 
7. The Effect of MV-Pchlide on Photodynamic Damage of Cucumber 
Chloroplasts: 
As shown on Table 26, chloroplasts incubation with MV-
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Table 24. Incubation of cucumber chloroplasts with and without 
DV-MPE under 14 mW Cm"2 of light, at 28°C. Chi a = chlorophyll a; 
Chi b = chlorophyll b; Chlide a = chlorophyllide a; Chlide b = 
chlorophyllide b; Phaeo a = phaeophytin a. 
nmoles per 100 mg protein 
-DV-MPE +DV-MPE 
Tetrapyrroles 
0 hr 2 hr 0 hr 2 hr 
Chi a 
Chlide a 
Chi b 
Chlide b 
Phaeo a 
0.00 
0.00 
0.00 
0.00 
0.00 
2149.85 
67.60 
1010.61 
14.77 
27.13 
0.00 
0.00 
0.00 
0.00 
0.00 
-4301.96 
497.39 
-1220.97 
125.24 
203.20 
Note: The values of tetrapyrrole content at 0 hr have been 
subtracted from the values after 2 hr. 
700 750 
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Figure 4 1 . Fluorescence emission spectra of chloroplasts 
of cucumber cotyledons, incubated +/- DV-Mg-Protoporphyrin 
monoester (MPE) for 0/2 hours, monitored in glycerol, at 
77°K. The excitation wavelength was 400 nm. ( ) = 
- tetrapyrrole. Oh; ( **»* ) = -tetrapyrrole, 2h; ('•*•) = 
+ tetrapyrrole,Oh; (••• *•*» ) = + tetrapyrrole, 2h. 
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Table 25. Incubation of cucumber chloroplasts with and without 
DV-protochlorophyllide under 14 mW Cm-2 of light, at 28°C. Chi a 
= chlorophyll a; Chi b = chlorophyll b; Chlide a = chlorophyllide 
a; Chlide b = chlorophyllide b; Phaeo a = phaeophytin a. 
nmoles per 100 mg protein 
-DV-Pchlide +DV-Pchlide 
Tetrapyrroles — 
0 hr 2 hr 0 hr 2 hr 
Chi a 
Chlide a 
Chi b 
Chlide b 
Phaeo a 
0.00 
0.00 
0.00 
0.00 
0.00 
5772.02 
194.50 
2535.36 
41.36 
84.76 
0.00 
0.00 
0.00 
0.00 
0.00 
-4619.80 
1690.91 
-1372.95 
598.02 
90.42 
Note: The values of tetrapyrrole content at 0 hr have been 
subtracted from the values after 2 hr. 
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Figure 42. Fluorescence emission spectra of chloroplasts 
of cucumber cotyledons, incubated +/- DV-Pchlide for 0/2 
hours, monitored in glycerol, at 77°K. The excitation 
wavelength was 400 nm. ( ) = - tetrapyrrole. Oh; 
(-(•*+*-) = -tetrapyrrole,2h; ( • • •« ) = + tetrapyrrole,Oh; 
(•*•") - + tetrapyrrole, 2h. 
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Table 26. Incubation of cucumber chloroplasts with and without 
MV-protochlorophyllide under 14 mW Cm-2 of light, at 28°C. Chi a 
= chlorophyll a; Chi b = chlorophyll b; Chlide a = chlorophyllide 
a; Chlide b = chlorophyllide b; Phaeo a = phaeophytin a. 
Tetrapyrroles 
Chi a 
Chlide a 
Chi b 
Chlide b 
Phaeo a 
nmoles per 100 
-MV-Pchlide 
0 hr 
0.00 
0.00 
0.00 
0.00 
0.00 
2 hr 
1225.52 
17.84 
316.85 
3.37 
80.61 
mg protein 
+MV-
0 hr 
0.00. 
0.00 
0.00 
0.00 
0.00 
-Pchlide 
2 hr 
883.53 
140.49 
433.55 
23.89 
62.47 
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Pchlide for 2hr also caused considerable pigment damage as 
evidenced by disappearance of Chi a and b and formation of Chlide 
a, Chlide b and pheophytin a. 
Ensuing structural disorganization of the incubated 
chloroplasts, affected mainly PSI antenna and the LHCP. This was 
evidenced by the complete disappearance of the PS I antenna 
emission at 739 nm and loss in resolution of the LHCP emission at 
685 nm (Fig. 43). 
E. Discussion 
Incubation of isolated cucumber chloroplasts with various 
exogenous tetrapyrroles, in the light, exhibited different 
effects on the pigments and pigment-protein complexes of the 
plastids. Only one of the five exogenous tetrapyrroles failed to 
trigger chloroplast destruction in the light, namely DV-Mg-
Proto. It is fascinating that esterification of DV-Mg-Proto to 
yield DV-MPE rendered this tetrapyrrole extremely destructive. 
Probably esterified MPE penetrates easily into the chloroplast 
and causes membrane destruction in light. While overall 
degradetive effects were manifested by Chi a and b disappearance 
and the appearance of Chi degradation products, such as Chlide a, 
Chlide b and pheophytin a, more specific effects on the pigment-
protein complexes became evident from in organelle 77°K 
fluorescence emission spectroscopy. 
DV-Proto an early intermediate in Chi a biosynthesis 
affected the PS II antenna Chi a pigment-protein complex, while 
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EH HL (tics 50/10 nm) 
Figure 43 . Fluorescence emission spectra of chloroplasts 
of cucumber cotyledons, incubated +/- MV-Pchlide for 0/2 
hours, monitored in glycerol, at 77C*K. The excitation 
wavelength was 400 nm. ( ) = - tetrapyrrole, Oh; 
( *»<* ) = -tetrapyrrole,2h ;( • • • • ) = + tetrapyrrole,Oh,• 
(—-*—*-) = + tetrapyrrole, 2h. 
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it had absolutely no effect on the PS I antenna complex. On the 
other hand DV-MPE and MV-Pchlide, destroyed completely the PS I 
antenna complex and caused disorganization of the LHCP antenna 
complex. As for DV-Pchlide, its main effect was on the 
disorganization of the PS II antenna complex, and the PS I 
antenna complex. 
Altogether the above results indicated that individual 
tetrapyrroles, have distinct and different disruptive effects on 
the structure of thylakoid membranes in the light. The specific 
effects seem to be related to the position of the tetrapyrrole in 
the Chi a biosynthetic pathway. 
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CHAPTER 6 
SUMMARY AND CONCLUSIONS 
In the first part of this Ph.D. thesis, the photodynamic 
effect of three groups of Chi biosynthetic modulators, namely, 
some phenanthroline, dipyridyl and pyridine analogs, on green 
johnsongrass seedlings, a DMV/LMV plant species were 
investigated. The green seedlings were sprayed with different 
concentrations of these modulators in the presence or the absence 
of ALA and kept in darkness over night. The accumulated 
tetrapyrroles in each treatment were detected using fluorescence 
spectroscopy technique. The amount of each tetrapyrrole was 
measured in nmoles/100 mg protein. The different physical 
chemical properties of the compounds were analyzed quantitatively 
and the structure-activity relationship of them were studied. 
The results of tetrapyrrole accumulation in johnsongrass 
seedlings sprayed with 1,10-phenanthroline and its analogs showed 
that all of them induced the Proto formation. They also acted as 
inducers or enhancers of DV-MPE and DV-Pchlide formation. Further 
regression analysis of the data exhibited a significant linear 
relationship between photodynamic damage by the modulator and the 
magnitude of the positive charge repelling electrostatic volumes 
around the molecules. The same correlation was observed between 
photodynamic damage in ALA+modulator sprayed seedlings and 
positive charge repelling electrostatic volumes around the 
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molecules. 
The results of tetrapyrrole modulating effects of 2,2'-
dipyridyl on johnsongrass seedlings revealed that Dpy, 23Dpy, 
24Dpy acts as inducers of Proto formation, while 44Dpy, Dpy amine 
and Dpy disulfide did not induce or enhance the formation of this 
tetrapyrrole. All of six dipyridyl analogs acted as inducers of 
DV-MPE. Also all of them, except Dpy disulfide, induced the 
formation of DV-Pchlide. The structure-activity studies and 
further regression analysis exhibited a linear relationship 
between photodynamic damage by the modulators and the electron 
density over the lowest unoccupied molecular orbitals (SDLUMO). 
On the other hand, photodynamic damage to seedlings sprayed with 
ALA+modulator was significantly correlated with negative energy 
steric probe volumes of the molecules. 
The results of the investigations of the tetrapyrrole 
modulating effects of the pyridine analogs revealed that 
formation of both DV and MV-MPE was induced or enhanced by all 
three compounds in this group. A significant correlation was 
observed between DV-MPE accumulation and photodynamic damage. 
Also all pyridine analogs inhibited DV-Pchlide accumulation. 
Proto formation was induced by picolinic acid and enhanced by 
pyridine aldoxime. Comparison of the physical-chemical properties 
of the pyridine modulators and their tetrapyrrole modulating 
effects indicated that both Proto induction or enhancement and 
DV-Pchlide inhibition corresponded to modulators with larger 
negative electrostatic volumes. Data reduction and further 
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regression analysis indicated a significant linear relationship 
between photodynamic damage caused by modulator alone and 
positive charge repulsing electrostatic volumes around the 
molecules. The similar correlation was found in treatments with 
ALA+modulator. 
In the second part of this thesis the effect of five 
different tetrapyrroles on photodynamic damage in isolated 
cucumber chloroplast were investigated. The isolated chloroplasts 
were incubated with different tetrapyrroles for 2hr in light. 
After the incubation period, the amounts of Chi a and b, Chlide a 
and b and pheophytin a was measured using fluorescence 
spectroscopy. The degradative effect of each exogenous 
tetrapyrrole was manifested by Chi a and b disappearance and the 
appearance of Chi degradation products such as Chlide a and b and 
pheophytin a. The destructive effects of exogenous tetrapyrroles 
on Chl-protein complex of the chloroplast membrane became evident 
from in organelle fluorescence emission spectroscopy in glycerol 
at 77°K. 
The results of these experiments indicated that individual 
tetrapyrroles have distinct and different destructive effects on 
the structure of the thylakoid membrane in light. Only one of the 
five exogenously added tetrapyrroles, namely, DV-Mg-Proto failed 
to trigger chloroplast destruction in light. Dv-Proto affected 
the PS II antenna Chi a pigment-protein complex while it had no 
effect on the PS I antenna complex. On the other hand DV-MPE and 
MV-Pchlide, destroyed the PS I antenna complex completely and 
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caused disorganization of the LHCP complex. The main effect of 
DV-Pchlide was on the disorganization of the PS II antenna 
complex and the PS I antenna complex. 
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